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ABSTRACT
The a-methyl fu n c t ion a liza t ion  o f 2 ,9-dimethyl-1,10-phenanthroline 
was conducted via a fo u r step procedure to give 2 ,9 -b is (chloromethyl)-
1,10-phenanthroline in  high y ie ld .  Attempts to prepare th is  compound 
via a one-step free rad ica l halogénation using NCS were unsuccessful, 
however, a comparative evaluation o f th is  approach in other heterocycles 
demonstrated the po ten tia l fo r  d ire c t  mono-chlorination.
Additional fu n c t io n a liza t io n  procedures were investigated via the 
o le f in a t io n  o f 2 ,2 ' -d ip y r id in e  and 1,10-phenanthroline. Following the 
oxidation o f 6 ,6 '-d im e th y l- 2 ,2 ' -d ip y r id in e  to the dia ldehyele, standard 
W itt ig  reaction conditions were employed to obtain 6 ,6 ' - d iv in y l -2 ,2 ' 
-d ip y r id in e ,  however, y ie ld s  were low because o f aldehyde in s o lu b i l i t y .  
This method was replaced by the W ittig-Horner reaction u t i l i z in g  
heterocyclic  phosphorates as precursors to o le f in  formation. This 
approach led to the formation of hydroxy- and methoxy-substituted v iny l 
derivatives o f d ip y r id ine  and phenanthroline. The additional degree of 
s t a b i l i t y  imposed by the heterocycle on the phosphorus s ta b il ize d  anion 
is  the cause o f these unexpected products.
A series of cyclometallated pa lla d ium (II)  complexes was prepared 
possessing overa ll c is  geometry in which p a r t ia l  coordination to the 
metal is  achieved via an sp carbon anionic bond. The cis ligands were 
synthesized by treatment of the appropriate chloromethyl heterocycle 
w ith a lky l malonates under basic conditions. Complexation was 
subsequently conducted v i a combination o f the ligand and PdCl^ in 
a c e to n it r i le  w ith anhydrous K^ CO^  as base.
XI 1 1
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The phenanthroline ligands p o te n t ia l ly  capable o f forming the 5*5*5 
fused t r i c y c l i c  ring system yielded only one C-Pd bond. The X-ray 
s truc tu re  demonstrated tha t the phenanthroline backbone is too r ig id  to 
permit the d is to r t io n s  necessary fo r  accommodation of the second _C-Pd 
bond. S im ila r ly ,  the c is  6»5*6 d ipyr id ine  and phenanthroline ligands 
were capable o f only one C^ -Pd bond, however. X-ray data showed tha t 
s te r ic  in te ractions precluded formation o f the b is -C-Pd bonded species 
in th is  case.
The 5*7*5 and 5*6*5 ligands obtained via inse rt ion  of an ethano or 
carbonyl bridge between the 2 ,2 ' -d ip y r id in e  linkage afforded the b is - 
C^ -Pd bonded complexes. Their unusual s t a b i l i t y  is  a tt r ib u te d  to an 
increased ligand f l e x i b i l i t y  which allows fo r  a greater va r ia t ion  o f 
metal in te rac tions .
The in frared spectral analyses o f these and other £-Pd bonded 
complexes were conducted to establish the C^ -Pd stre tch ing frequency.
X IV
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Chapter 1. Threads Between Crown Ethers and Transition Metal Complexes.
I .  In troduction
Since the i n i t i a l  discovery o f crown ethers by Pedersen in 1962
the f ie ld  o f crown chemistry has experienced a tremendous growth.
The a b i l i t y  o f crown compounds to form extremely stable complexes
with metal cations and ion ic  organic molecules has supplied the
impetus fo r  the prodigious volume o f research emerging over the past
twenty years. Numerous chemical app lications have surfaced which are
in t im a te ly  re lated to the potentia l complexing a b i l i t y  o f the crown
structu re . The fundamental ro le o f metal ions in l iv in g  systems has
cu lt iva ted  diverse b io log ica l app lications o f  crown compounds. For
example, synthetic  a n t ib io t ic s  (ionophores) are b io lo g ic a l ly  active as a
d ire c t  re su lt  o f the crowns' a b i l i t y  to complex and transport a lk a l i
metal ions across ce ll membranes,^ thus mimicking natural a n t ib io t ic s ,
such as: valinomycin. Other applications have included the elucidation
o f organic reaction mechanisms, development o f ion transport membranes,
2
separation of isotopes, and development o f tra n s it io n  metal ca ta lysts .
Perhaps the most s t r ik in g  feature one notices when surveying the 
"crown ether" l i te ra tu r e  is  the vast molecular arch itec tu re  in th is  
fam ily  o f molecules. Structures range from c lassica l macrocyclic 
polyethers to complex and exotic structures consisting o f  m u lt ic yc l ic  
frameworks. In add it ion , m odification o f these multidentate 
molecules to  include ^  and j i -  donors has s ig n i f ic a n t ly  expanded the 
overa ll range o f  complex cha ra c te r is t ics . A prime i l lu s t r a t io n  of 
th is  point is  found in the cage-type b ic y c l ic  crowns (cryptands)
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f i r s t  reported by Lehn. ” These molecules possess an inner cavity  
which displays superior b inding, s t a b i l i t y ,  and s e le c t iv i t y  re la t ive  
to simple crown ethers.
Incorporation of var iab le  donor atoms w ith in  the crown ether
framework has been paramount fo r  expanding the complexation sphere
to include t ra n s it io n  metal ions. By JN or ^  s u b s t i tu t io n  fo r  oxygen
in the crown network, the unfavorable in te rac tion  between oxygen
(hard base) and the so ft  t ra n s i t io n  metal ion is  replaced by the
favorable in te rac tion  between the so ft base i . e .  S, N, and the so ft 
2
metal ion.
In troduction  of nitrogen in to  the crown s truc tu re  has been
Q
accomplished through a v a r ie ty  o f techniques. The use o f hetero- 
aromatics, such as pyr id ine , to  achieve th is  goal has received 
considerable a tten t io n , p r im a r i ly  through the research e f fo r ts  of 
Newkome, Vbgtle and Cram who have compiled an impressive l i s t  o f 
pyrid ine containing c r o w n s . T h e  pyridine nucleus has thus become 
one o f the most frequently employed heteroaromatic subunits fo r  
modifying crown arch itecture to  fu r th e r  expand and promote the realm o f 
t ra n s i t io n  metal chemistry.
We began our program in crown ether research on the premise 
tha t the pyrid ine nucleus would contribute s u b s ta n t ia l ly  as a device 
to merge t ra n s i t io n  metal complexation and crown coordination in to  a 
s ingle s truc tu re  which could take advantage o f the inherent merits of 
both. Thus, we devised t ra n s i t io n  metal complexes possessing a 
pyrid ine and d if fe re n t  crown ether types which could j o i n t l y  act as 
ca ta lys ts  and possibly d isp lay a synerg is tic  re la t io n sh ip  with 
respect to  molecular properties as a resu lt o f the melding o f these
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two e n t i t ie s .
This in troduction w i l l  deal w ith the design and synthesis 
of pyrid ine and pyr id ine -re la ted  crown ethers and th e i r  evolution 
in to  cyclometallated organometal1ic  and t ra n s i t io n  metal complexes.
We hope to demonstrate how in s ig h t gained from complexation studies 
with various crown molecules has enabled the design o f  be tte r 
t ra n s i t io n  metal complexes and has indeed paved the way fo r  a new 
class o f organopalladium complexes which achieve p a r t ia l  coordination 
to the t ra n s i t io n  metal via an sp £-Pd bond(s). The work can be 
lo g ic a l ly  divided in to 3 major categories: (1) crown ethers 
possessing d ire c t  heteroatom attachment to the pyrid ine nucleus; (2) 
crown ethers possessing a carbon, generally methylene, bridge between 
the heteroatom and pyrid ine r in g ,  and; (3) cyclometallated 
pa llad ium (II)  complexes. Emphasis w i l l  be placed on synthetic design 
and novel molecular features; p a r t ic u la r ly  the s truc tu ra l data 
elucidated through single c rys ta l X-ray studies.
I I .  D irec t Heteroatom Attachment.
A. Pyrid ine . Of the 2 ,6 -^,^-br idged pyrid ine macrocycles 
synthesized throughout the early  seventies by others, the m ajority
. J s X
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possessed bridging oxygen atoms which were iso la ted  from the hetero-
12 13aromatic r ing  by one or more methylene groups (e .g . ,  . Since
VOgtle amongst o t h e r s , w a s  already well established in th is  f ie ld ,  we 
focused our a ttention on a second type o f C^O-bridged 2,6-pyrid ino 
macrocycle in which the lO-bridge would be d i r e c t ly  attached to the 
pyrid ine r ing  (e .g . , g ) .
The eventual approach to these new macrocycles can be 
a t t r ib u te d  to a pa ir o f unforeseen reactions made in  the quest fo r 
syn the tic  entry in to other ta rge t molecules. The observation of 
d ire c t  nucleophilic  displacement on the pyrid ine nucleus, while carry ing 
out the base-catalyzed ke ta l iza t io n ^^  on b is (6-bromo-2-pyridyl) ketone 3 
and t ry in g  to prepare d i ( 2 - p y r id y l ) acetylene^^"^^ 7, is  depicted in 
Scheme I .  Subsequently, the genera lity  of nuc leoph il ic  attack by an
0 0 0 0
w
^ 4 , . . ® (trace)
UgC 
Carbitol /  û
0J. HOa^CHgOCHgCHB
MoH /  Xylene /  û
6
8
S chem e I
alkoxide was confirmed based on the products 5 and 8. [Note. This 
reaction may not be a true example o f nuc leoph ilic  su b s t i tu t io n ,  since
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in re la ted  examples ESR data suggest that th is  process might be due to
e lectron t r a n s f e r . T h u s ,  when 2-bromopyridine was treated with
d ie thylene g lyco la te , the expected ethereal products 9 and ^  were 
17-1Robtained. ~ I t  was also noted tha t considerable glycol fragmentation 
took place at temperatures above 160°C. This problem was overcome by 
the reduction in reaction temperatures, thus the use of xylene as 
solvent (bp 140°C).
roH  +  - ^ " 0 .
Br
10
In view of the s u s c e p t ib i l i ty  of 2 (6 )-(d i)ha lopyrid ines  
toward nuc leoph ilic  a ttack , our i n i t i a l  e f fo r ts  were channeled in to  
crown ether chemistry o f  the type £. Preliminary experiments 
u t i l i z in g  2,6-dibromopyridine (11 ) and various glycolates gave an 
in te re s t in g  d is t r ib u t io n  o f macrocycles 1 2 - 1 5 . Hi gh d i lu t io n  
techniques'^ were not advantageous; in that the y ie ld s  o f cyc l ic
^OH 
0
A
11 12
m
1 3  (m = n= 0 ) 15
14 (m = n = l)
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products were not s ig n i f ic a n t ly  improved. Isolated 1:1 uncyclized 
intermediates could however be cyc lized , thus the overa ll y ie ld s  were 
improved.
An analogous th iaethereal macrocycle possessing 2 ,6 -s u l fu r
Pfj^PP
linkages had previously been reported by Vtigtle and Cram, 
however, the vast m a jo rity  o f pyrid ine thia-macrocycles possessed a
backbone in which s u l fu r  was ty p ic a l ly  iso la ted from the
23-29 30heteroaromatic r ing by a methylene or carbonyl group.
Although Vbgtle and Weber had prepared 12, th e i r  synthetic strategy
was opposite in tha t mercaptides were used in a standard S|^2 reaction
23with 1 ,5 -d ich loro-3-oxopentane (Scheme I I ) .
r o l
V - 0 - ^
16 17
S chem e I I
31The successful app lica tion  o f d ire c t  S -nucleophilic  displacement on
the pyridine ring permitted the formation o f 12; although noticeably
17 18a slower reaction than with g lyco la tes , ’ th is  can be ra t iona lized
32by the reversed nuc leoph ilic  character in hydrocarbon solvents. The 
only other major macrocycle iso la ted in th is  series was ^9 which was
rû i
HS
HS SH
W
N '^ n  ^  S ' ' "j S l Cl
18
19
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not expected and arose through thermal oligomerization o f the ethane-
311 ,2 -d ith io l under basic conditions.
The l im ite d  a b i l i t y  to form macrocyclic thiacrowns w ith
the 2 ,6 -pyrid ino moiety can be a t t r ib u te d  to several fac to rs : 1) a
diminished template e f fe c t  because o f poor su lfu r  to metal ion 
c o o r d i n a t i o n ; a n d  2) the rate o f mercaptide attack on the ring 
is slow re la t iv e  to polymerization, ox ida tion , and o ligomerization under 
the reaction conditions.
This founding work established the synthetic  value of d ire c t  
nucleophilic  displacement by ^  or S on the pyrid ine nucleus as a 
viable method fo r  macrocyclization. Although pyrid ine served as a 
prototype fo r  these stud ies, s im i la r ly  substitu ted ^ -d e f ic ie n t  
heteroaromatics were equally susceptible to  glycolates and 
mercaptides, the re fo re , th is  fundamental approach was extended to the 
synthesis o f macrocycles containing va r iab le  heterocyclic subunits.
B. Pyrazine and Pyrimidine.
In contrast to pyr id ine , 2,6-dihalopyrazines were known to  be
more susceptible to various nuc leoph il ic  reagents. Thus, i t  seemed
appropriate to study fu r th e r  the preparation o f macrocycles
possessing the pyrazino moiety via th is  d ire c t  displacement
methodology. I t  was not surpris ing to f in d  that 2,6-dich loropyrazine
20 underwent smooth conversion to the expected macrocycles 21-25 when
33subjected to the glycolates in re f lu x in g  toluene. I t  was, however, 
somewhat unexpected tha t the s u lfu r  macrocycles would again be 
res is tan t to form ation, even with the more activated pyrazine 
n u c l e u s . N o n e t h e l e s s ,  only l im ite d  success was achieved w ith the 
s u lfu r  containing macrocycles and the primary products proved to be
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A
m
25
m=2,3,4|5
A
21
22
m=l,2,3,4,5
Cl
20
s
24
23
K-N
0
Co 0^
m=0,1,2,3
26
CH 3
'"-Vm
C° ° ]
m = 0 , l ,2  I
O H,
27
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the noncyclic 1:1 de riva t ives . In general, the b is -mercaptides 
appear to undergo rapid thermal oligomerization or oxidations p r io r  
to ring sub s t itu t io n .
A novel feature o f  the pyrazino macrocycles is  th e ir  s p e c i f ic ­
i t y  in the formation o f  quaternary s a lts .  Several previous examples
demonstrated the propensity o f 2 ,6 -d isubs titu ted  pyrazines to  give
42pr im arily  the N^ -4 a lky la ted products. This observation was fu r th e r  
confirmed in the macrocyclic pyrazine series with representative 
examples forming the ] i-4  methiodides (26, 27) in quantita tive  
y ie ld .  Extending th is  methodology fu r th e r  enabled modification o f the 
2 :2-macrocycles (e .g . ,  22) to give a novel series o f t r i p l y  bridged 
cyclophanes ^  in extremely high y ie ld .
30
Im
34 A
m
*
31
29
■M .
C s J
28
32
^ 0  o r -
O'
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The use o f other heteronuclear aromatic systems, such as the 
2,4-pyrim idino moiety, in  macrocycle construction was also 
c o n d u c t e d . A s  with pyrazine, the 2, 4, and 6 positions of 
pyrimidines (30-34) are extremely la b i le  to nuc leophilic  attack when 
halosubstituted This macrocyclic system also proved to be
especia lly  in tr ig u in g  based on some previous work by Johnson and 
H ilb e r t  who demonstrated the a b i l i t y  o f alkoxypyrimidines to 
undergo an _0 + _N rearrangement upon treatment with a lky l iodides.
Application o f th is  rearrangement to a representative pyrimidine
r g ! |
H s C O ^ N - ^ O C H ,  o ^ N ^ O
CHj
35 36
macrocycle transformed i t  to the re la ted u rac il de riva t ive  in 
approximately 30% y ie ld .  This represented a s ig n if ic a n t  improvement 
over the Htay and Meth-Cohn procedure fo r  the re lated 6-methyl u rac il 
40."^
O ^ N '^ 0
( R = H ) 38  ( R= H ) 39
37 40  (R  =  M e )
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Of the isomeric 4,6-pyrimidino macrocycles, the 2:2 structures
48 1offered some in s ig h t in to  preferred conformations. In the H NMR 
the H-5 protons fo r  the 2:2 macrocycle exh ib ited a most unusual 
up f ie ld  s h i f t  ( A 6 ~ 0 . 5 )  ind ica tive  o f  augmented ring r i g id i t y .  This 
phenomenon is ra t iona lize d  by a sh ie ld ing e f fe c t  imposed by the 
juxtaposed pyrimidine nucleus. This re s t r ic te d  conformation is
F i g u r e  I
N
'"•O'
associated with a low dihedral bond angle and a tt r ibu ted  to the 
imidate moiety cha rac te r is t ics  o f an e lectron-poor 0-heteroaromatic 
system. Figure I depicts the layering o f the pyrimidines in  order to 
maintain the near-zero imidate dihedral angle, thus subjecting H-5 to 
the environment o f  the neighboring pyrim idine ring current.
C. N ico t in ic  Acid Derivatives.
The o r ig in a l discovery of coenzyme 3 -nicotinamide adenine 
dinucleotide (NAD) by Harden and Young has aroused a well spring o f 
in te re s t in hydride tra n s fe r  r e a c t i o n s . T h e  importance o f  metal
Metal
S c h e m e  I I I
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ion p a rt ic ip a t io n  in the stereospecific  NAD mediated hydride trans fe r 
to a carbonyl substrate in  vivo has been well e s t a b l i s h e d . I t  
has also been demonstrated tha t N-metallo-l,4-d ihydropyrid ines 
generated by reduction o f pyrid ine with L iA lH ^,^^ ’ ^^ ZnH^,^^
or selected organometallic reagents can s im i la r ly  reduce 
carbonyl compounds (Scheme I I I ) .
The synthesis o f macrocyclic NAD model systems has taken several 
d i f fe re n t  pathways. Kellog et a l .  successfully incorporated the 
Hantzsch 1,4-dihydropyridine fragment in to  a symmetric crown ether ^
which displayed reductive properties s im ila r  to  NAD(H) 65-67
[H]
[0 ]
H
I
41
However, since NAD is  an unsymmetric species, ^  did not accurately 
dep ic t the molecular environment o f the n a tu ra l ly  occurring compound 
and therefore was not a genuine model.
The e a r l ie r  model, proposed by Newkome et a l . ,  incorporated the
2 ,6 -n ico tino  moiety in to  a series o f crown ethers via nucleophilic  
s u b s t i tu t io n .  Since the heterocyclic  subunits o f  these macrocycles 
are s t ru c tu ra l ly  s im i la r  to  the NAD nucleus, any potentia l reducing 
c a p a b i l i ty  can be considered a more precise descrip tion of the actual 
NAD system. The 2 ,6 -d isubs titu ted  N,N-dimethylnicotinamide and
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n ic o t in o n i t r i le  macrocycles 44-46 are representative o f th is  model 
system.
C O N M e,
Æ :
CONMeg o - ^ N ^ o
 ^ VO 0 Ov^ n  ^V O  0 OsXn
U U  L / U *
42 44 45
Cl Cl
( n « I )
43 (n«2)  46
( n»3)
Attempted 1,4 reduction o f the nicotinamide macrocycles M  with 
sodium d ith iona te , sodium hydride, sodium borohydride, or 
L-Selectride yielded only s ta r t in g  m ateria l. With sodium 
b is (2-methoxyethoxy)aluminum hydride (V i t r id e ) ,  M  was reduced 
exclusive ly to the corresponding amine
This pronounced resistance to reduction was ra t iona lized  on the 
basis o f enhanced coordination o f the amide oxygen with the metal 
ra ther than the required Nkpyridine-metal coordination. This 
hypothesis was fu r th e r  confirmed by u t i l i z a t io n  o f Euffod)^ s h i f t  
reagent. Although M  has m u lt ip le  s ites  fo r  metal ion complexation, 
a t low s h i f t  reagent concentrations the carbonyl oxygen was found to 
be the preferred s i te  o f  coordination (Figure 11).^^
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These i n i t i a l  reduction attempts fa i le d  because o f  l im ite d ,  i f  
any, _N-complexation with the metal (Scheme I I I )  so necessary fo r  
ac t iva t ion  o f the pyrid ine ring to hydride a t t a c k . I n  order to 
circumvent th is  unwanted mode o f  complexation, the n ic o t in o n i t r i le
macrocycles 4§ were devised since the cyano group was known to be a
71 _7p
weak complexing agent w ith metal ions.
The possible s ites o f metal ion coordination were evaluated fo r
46b by NMR, again with varying amounts o f Eu(fod)g. Unlike 44b, the
predominant s i te  of [^-coord ina tion was found to be the central
bridging ethereal oxygens thus confirming the weak coordinating
a b i l i t y  o f  the nitrogen (Figure I I I ) .® ^  Although complexation with the
cyano group posed no problem, the pyrid ine nitrogen s t i l l  did not
ac tive ly  p a r t ic ip a te  in the coordination sphere, a t leas t not
s u f f ic ie n t ly  enough to activa te the pyrid ine nucleus (Figure I I I ) .
The e f fe c t  o f oxygen subs titu t ion  was evaluated based on simple
n ic o t in o n i t r i le  which was known to undergo smooth reduction to the
73dihydro de riva t ive  w ith NaBH^, thus the oxygen bridge hindered 
coordination as well as decreased the ]i-e lectron density necessary to 
ensure strong ]i-bonding p r io r  to  reduction.
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Treatment of 4|b with sodium dith ionate or sodium borohydride 
under various conditions gave only unaltered s ta r t in g  m ateria l. With 
stronger reducing agents, such as l i th ium  aluminum hydride or 
"V i t r id e " ,  46b underwent reduction o f the pyrid ine nucleus to give 
pentaethylene glycol and no s ing le  discernable pyrid ine based moiety
(Scheme IV).
CN
H H
H3O
CN
O-
CHgNHg
+ H 0 U H j CH,O+j H
I
H
S c h e m e  I V
Numerous modifications o f the la t t e r  reductive procedure gave 
equivalent resu lts . Even though the cyano group o f 46b was reduced 
slowly under these conditions, the pyrid ine nucleus was qu ick ly 
reduced, based on the disappearance o f the 4 ,5 -pyrid ine hydrogens 
when monitored by NMR.
Although th is  series o f macrocycles possessed the necessary 
s truc tu ra l topology to serve as an accurate NAD model, the 
constra in ts imposed by the oxygen bridge proved to dominate the 
chemical properties o f the compounds. Even though the crown ether 
portion o f 4§ should s ta b i l iz e  an included metal, the Imidate moiety 
inherent in  th is  series and the diminished j^-electron density caused 
by the oxygen bridge precluded generation o f N-metallod ihydronicotin ic 
acid de riva t ive s . Thus, these macrocycles are not su itab le  models 
fo r  NAD reduction o f carbonyl substrates.
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D. Cryptand D eriva tives .
The three possible s te r ic  conformations o f cryptands at the 
bridgehead nitrogens are, exo-exo (ou t-ou t) ,  exo-endo (o u t- in ) ,  and 
endo-endo ( in - in ) .  I t  is generally assumed tha t in  solution the 
three conformations coexist a t equ ilibrium  because of mutual 
iN-interconversion. The correctness of th is  generally accepted 
view po in t is now in question as a d ire c t  re s u lt  o f the crysta l
EXO-EXO EXO-ENDO ENDO-ENDO
data obtained fo r  spherical cryptand 4Z which was prepared d i re c t ly ,  
a lb e i t  in low y ie ld ,  from 2 ,6 -d ich loropyrid ine and triethanolamine by 
standard nucleophilic  procedures.
4- NtCHgCHgOH);
NoH
xylene
47
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The exceptional fea ture o f th is  crys ta l s truc tu re  (Figure IV) is 
the noticeably planar con figura tion  of the bridgehead nitrogens
which possess c rys ta l lo g ra p h ica l ly  equivalent 120° bond angles.
2 3Thus, the cryptand nitrogens are sp hybridized ra ther than the sp
configuration generally proposed fo r  re lated macropolycyclic
s truc tu res . Additional data indicated tha t the skele ta l r ig id i t y
imposed by a low dihedral angle (0 to ±10°)^®’ ^^ o f  the inherent
imidate e n t i t ie s  forces the bridgehead nitrogens in to  the planar
con figu ra tion (s ).
Spherical cryptands are generally prepared via high d i lu t io n
condensation^^’ ^^ o f diamines with b is -acid ch lo rides. The resu ltan t
79b is -amides are then reduced w ith diborane to give the corresponding 
macrocycle. Although the y ie ld s  o f cryptands prepared by th is  
approach are generally h igh, the a b i l i t y  to prepare po ly functiona l- 
ized bridges has been l im ite d  by the reagents used.
Quaternary ammonium macrocycles®^~^^ and cryptands^^'^^ have 
been synthesized by a simple a lky la t ion  procedure, but no reports o f 
dea lky la tion  or JN-bridge manipulation, other than ring cleavage^® 
were previously known. Thus, the demonstrated a b i l i t y  o f quaternary 
ammonium halides to be q u a n t ita t iv e ly  demethylated with 
L-Selectride®® provides a new approach to azacrowns M  and cryptands
0 7
The single c rys ta l X-ray analysis o f the b is -quaternary 
ammonium sa lt  Sib revealed the bridgehead nitrogens to be in the 
an tic ipa ted  exo-exo o r ie n ta t io n  with respect to  the methyl groups 
(Figure V).
Thus, based on the above X-ray data o f ^  and M h , 
s y n t h e t i c , a n d  th e o re t ica l^^  studies, an accurate description o f
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Figure IV. ORTEP drawing of
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Figure V. ORTEP drawing of 51b
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NMe, NMB;
J
,  M o
Ï Ï ;  Le" ‘  'W - 'K '"Q  P  eNMe^GNMe^
b /  V_o
50
(CHJ_ (CH^L  5------> (CHg)  ^ (CH^I^
2 1 ®
52
heteroatoms adjacent to  the pyrid ine moiety was obtained. The net 
conclusions are tha t the imidate moieties w ith in  these macrocycles 
re tard metal ion complexation due to (1) s te r ic  problems caused by th e i r  
preferred conformation and (2) the reduced ^ -e lec tro n  density on the 
py r id ine (s ).^^
E. Dipyridino Macrocycles.
Few chelating reagents have received more a ttention than those 
o f the 2 ,2 '-d ip y r id in e  class. The notable complexing a b i l i t y  o f  th is  
ligand has been the stimulus fo r  the design and synthesis o f  more 
se lective  complexing agents; c h ie f ly  through the metamorphosis o f the 
Schiff-base moiety in  the d ipyrid ine systems. In the early seventies 
a second type o f d ip y r id ine  ligand was designed in which the
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d ip y r id in e  moiety was used as a subunit w ith in  a macrocyclic
88 89 90framework. Bridged Schiff-base macrocycles ’ have since been
91synthesized from 6 ,6 '-d ihyd raz ino -2 ,2 ' -d ip y r id in e ; bis amides from 
2 ,2 '-d ip y r id y l-6 ,6 '-d ic a rb o x y l ic  acid chloride w ith  amines; and 
macrocyclic bis esters from 2 ,2 ' - d ip y r id y l - 3 ,3 ' -d ica rboxy lic  acids.
nc
Buhleier and Vtigtle, in a d d it io n ,  demonstrated the 
incorporation o f d ipy r id ine  in to  a macrocycle via d i re c t  nucleophilic  
displacement o f heteroaryl halides with with alkoxides or 
mercapti des.
Through our o r ig in a l ly  established approach to macrocycle
formation, we were able to obtain an array of new and c r i t i c a l  1:1
and 2:2 dipyridine-crown de r iva tives  which afforded ins igh t into
fu tu re  designs of two-dimensional ligands w ith m u lt ip le  tra n s it io n  metal
q?
inc lus ion s ites  (54 and 55).
Br
/n 1^
53 n = l , 2
54
n = 0 , l , 2
55
The NMR spectral data fo r  the 1:1 macrocycles indicated that the 
preferred conformations are, in p a rt ,  ascertained by the size o f the 
polyethereal bridge. In the case of 5 ^  and 5 #  only the syn 
conformation (Figure VI) is  possible as indicated by the chemical
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s h i f t  values of H-3 and H -3 ',  molecular models and theore tica l 
ca lcu la t ion s .^^  However, w ith increased r ing  size as found in 54c-d. 
the an ti conformation (Figure V II)  becomes accessible as suggested by 
the downfield s h i f t  f o r  the same hydrogens. Variable temperature NMR 
studies o f 54c-d support a conformational ro ta t io n  at diminished 
temperatures in which the syn conformation is  preferred <-70°C, whereas 
at room temperature the an ti conformation is  dominant. Detailed 
mathematical analysis has suggested that only 5% o f M e  is  in the anti 
conformation at -100°C.^^ The X-ray s truc tu re  o f M r  confirms the anti 
conformation preferred a t room temperature in  the so lid  state (Figure 
V I I I ) . 92
NMR chemical s h i f t  data have indicated 54c to be in the syn 
conformation a f te r  the add ition  o f sodium iodide in which the sodium 
ion is  associated with the ethereal portion o f  the macrocycle and not 
necessarily w ith in  the c a v ity .  Europium s h i f t  studies fu r the r 
suggest predominant external complexation again with the central 
ethereal bridging oxygens as observed e a r l ie r . ^ ^
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Figure VIII. ORTEP drawing of 54c.
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In add it ion  to our t ra d i t io n a l  approach to d ip y r id ine  macro-
cycles, two unexpected r ing -con trac t ive  processes were uncovered each
of which gives r ise  to the same s truc tu re . While attempting the
synthesis o f  phosphorus containing macrocycles by the established
nuc leoph ilic  route from phosphine oxide phosphorus was expelled
93from the bridge to give the coupled product §Z.'
I
58
56
59
60
57
Phosphine oxide macrocycle ^  also underwent an analogous expulsion
to y ie ld  The substitu ted d i ( 2 - p y r id y l ) ketones 3 were s im ila r ly
found to undergo fa c i le  expulsion o f  CO under conditions fo r
94macrocycle formation.
The ketonic macrocycles Ê2 have supplied the f i r s t  proven 
examples o f  a neutral host molecule containing water in  the so lid  
state (Figure I X ) . A l t h o u g h  water is  known to in te ra c t  strongly 
with neutral crowns in so lu t ion , there were no previous reports o f an 
X-ray s tru c tu re  suggesting the same type o f in te rac tion  in a
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Figure IX. ORTEP drawing of 62.
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c ry s ta l l in e  complex. The a b i l i t y  o f  an ethereal macrocycle to encirc le 
a water molecule depends on both the conformation of the polyether chain 
and on inherent s tru c tu ra l spacing produced by the heteroaromatic moiety 
in the macrocycle. Proper combination o f  conformation and spacing can 
create a d is t in c t  cav ity  in the cen tra l portion o f the host w ith 
s u f f ic ie n t  space in the extreme e ther port ion  to enhance hydrogen 
bonding with water.
I I I .  Carbon Bridged Heteroatom Attachment
By now i t  was c lear that the o r ig in a l  idea o f construct ing  good 
t ra n s it io n  metal ligands with d ire c t  heteroatom attachment o f  the 
glycol chain was f u t i l e .  In order to  circumvent the problems 
in s t i l le d  by the imidate moiety, i t  became necessary to digress
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9somewhat to  our e a r l ie r  work in which the pyrid ine nucleus was 
buffered from heteroatom attachment by a t least one carbon atom.
Thus, the pyrid ine nucleus would remain e le c tro n ic a l ly  unperturbed and 
should e x h ib i t  enhanced complexation cha rac te r is t ics  re la t iv e  to the 
previous examples.
A. Pyridine Deriva tives.
Much a tten tio n  has been focused on the design o f  multidentate 
chelating agents which resemble porphyrin molecules in th e i r  a b i l i t y  
to complex t ra n s it io n  metal ions. The ideal model must possess a 
cyc l ic  s truc tu re  which can create a h ighly e le c tro n -r ich  cav ity  by 
v ir tu e  of the heteroatom substituents. Substitu tion o f one or more 
pyrrole subunits by another e le c tro n -r ich  r in g ,  such as furan or
g o
thiophene, had been achieved, however, no example of pyrid ine in a 
s im ila r  capacity was yet known in po rphyrin - l ike  systems.
To understand the chemistry associated with pyrid ine rings 
oriented in  a planar c y c l ic  array in which a l l  three pairs of 
_N-electrons are aimed in to  a core, tr io ne  64 was devised since i t  
possesses a 6N-electron r ich  cav ity .  Previously only l im ited  
examples o f  tr id e n ta te  planar chelating agents whose donor atoms were 
oriented in  a cyc l ic  s truc ture  were k n o w n . T h e  synthesis o f 64 
proved to be a d i f f i c u l t  task due to the small ring size and the 
e lec tron ic  repulsion o f the N^electrons. The i n i t i a l  synthetic 
approach involved the condensation o f 4 w ith dimethyl 2 ,6 -pyr id ine - 
dicarboxylate followed by hydrolysis to give the tr io n e  in 1% overall 
y ie ld .  An a lte rna te  route u t i l i z in g  an intramolecular cyc l iza t ion  
was also used to obtain M ;  however, only a s l ig h t  improvement in the 
y ie ld  (3.5%) was realized.
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Although unfavorable e lectron ic  in te rac tions  are reduced in the 
synthesis o f la rger macrocycles containing heterocyclic  subunits, the 
cyc l iza t io n  reactions become increasingly d i f f i c u l t  due to the 
problem of obtaining the correct series o f conformers. This problem 
has been frequently  encountered in the quest fo r  a synthetic approach 
to the much sought a f te r  "sex ipyrid ine" 70. The o r ig ina l and most 
obvious, a lb e i t  unsuccessful, route to 70 was via the Ullmann 
macrocyclization in which a d ihalopyrid ine is  heated in the presence of 
a metal surface. This procedure resu lts  in l in e a r  polymerization due to 
the diminished a b i l i t y  o f  the N^-binding s ite s  to form the appropriate
go
metal template.
The f i r s t  successful synthesis o f the unsubstituted 70 was
carried  out via an i n i t i a l  macrocyclization to give a f le x ib le
polyfunctional intermediate from which the molecular r i g id i t y  was
99ir re v e rs ib ly  introduced. The macrocyclization step proceeded best 
at low temperature over an extended time. Cleavage o f the d ith iane 
protecting group in 68 was conducted w ith followed by
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formation o f the pyrid ine nucleus using hydroxylamine under ac id ic  
conditions to give 70. This approach to ring systems with s truc tu ra l 
constra in ts  can su b s ta n t ia l ly  reduce the problems associated with 
standard cyc l iza t ion  procedures.
B. N ico tin ic  Acid Derivatives
Our e a r l ie r  work w ith  NAD model systems had f i rm ly  established 
the detrimental properties inherent w ith in  the molecular structure  
which prevented fa c i le  generation o f the necessary 1,4-dihydro 
species. Thus, fu r th e r  refinement o f the general molecular 
a rch itec tu re  was envisioned through two possible procedures to 
generate a new macrocyclic system (Scheme V). Of the two approaches,
■7 c
V J  w
S c h e m e  V
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procedure (B) u t i l i z in g  free rad ica l a-halogenation and subsequent
nucleophilic  su b s t i tu t io n , was deemed most practica l (Scheme VI). 101
71
Mr
A
i
p <?-
B (ntj)
b (n= 3)
M< N Mr
BrB,
S c h e m e  V I
Of the crown derivatives prepared by th is  method, the dibenzo- 
oxazoline 72 underwent addition o f ethylmagnesium bromide to give the 
dihydro intermediate which was re a d i ly  oxidized to 74 under 
standard workup conditions. The ind icated d i r e c t iv i t y  o f the
4
Or
LQ
I f 
72
73
o o
74
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oxazoline group is in ferred (73b) since the unsubstituted dibenzo- 
crown analog 7§ does not undergo 4 -su b s t i tu t io n  under s im ila r  
reaction conditions. In the simple pyrid ine oxazolines, i t  has been
El Mg Br
demonstrated tha t coordination o f the organometallie reagent w ith the
oxazoline d ire c ts  the nucleophile in  a s im ila r  fashion.
Further, asymmetric reduction has also been achieved through the use
105of ch ira l oxazolines.
Recently, the goals in th is  area have been expanded to  include a 
series o f l a r i a t  ether NAD models which can act as ch ira l reducing 
agents. C h ira l i t y  is  imparted to the system by the in troduction  of a 
ch ira l oxazoline substituent; which in turn d ictates the preferred side 
o f addition^^^ by the Grignard reagent (Scheme V II ) .
76
S c h e m e  V I I
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Reduction of the ketone substrate is  envisioned to occur in a 
stereoselective manner since the oxazoline substituent w i l l
105s te r ic a l ly  influence the ternary t ra n s i t io n  state con figura tion .
To date, l a r i a t  ZÊ and %Z have demonstrated the a b i l i t y  to reduce 
carbonyl substrates and fu r th e r  work is  cu rren tly  in progress to 
determine the enantiomeric p u r i ty  o f  the products.
OMe
0
C. Cryptand and Coronand Derivatives
The previous X-ray s truc ture  o f ^  showed th is  cryptand to be an 
extremely poor complexing agent. In order to enhance the complexing 
a b i l i t y  o f the bridgehead nitrogens, the s truc tu ra l analog JÂ was 
synthesized in  which a methylene group was inserted between each 
pyrid ine ring and oxygen atom.^^^ I t  was expected tha t w ith the 
increased f l e x i b i l i t y  and the removal o f the s te r ic  constra in ts 
imposed by the imidate moieties, the bridgehead nitrogens would 
assume a nonplanar configuration and thus be ava ilab le  fo r  in terna l 
complexation.
Cl Cl
NICHgCHgpHIg
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
33
The in - in  configuration o f ZB (Figure X) was confirmed from 
the single c rys ta l X-ray data. The surpris ing  s truc tu ra l aspect of 
78 is the re la t iv e  or ien ta tions o f the pyrid ine rings. While the 
plane normals o f two pyridine rings po in t toward the center o f the 
molecule, the th i r d  pyrid ine ring is  located w ith in  the c a v i ty . The 
center of the molecule is occupied by a pyrid ine 4-hydrogen atom, 
which l ie s  w ith in  lA o f the midpoint between the two bridgehead 
nitrogen atoms. The low symmetry o f  Zâ and the presence o f d i f fe re n t  
conformations fo r  each of i t s  three br idg ing chains a ttes ts  to an 
increased f l e x i b i l i t y  re la t ive  to
Although many crown ethers and cryptands are capable o f a lk a l i  
metal ion encapsulation, the incidence o f  hexaazacrown analogs 
exh ib it ing  octahedral geometry around a t ra n s it io n  metal ion is  less 
n u m e r o u s . F u r t h e r ,  s t ru c tu ra l ly  well characterized t ra n s it io n  
metal complexes o f th is  varie ty  are rare. This observation can be 
a t t r ib u te d , in  p a r t ,  to a lack o f su itab le  synthetic methods fo r
obtaining such ligands. The d i f f i c u l t y  associated with transforming
88macrocyclic imines to ]^-aIkylamines has prevented S ch if f  base
chemistry from becoming a standard syn the tic  approach to ligand systems 
of th is  v a r ie ty .  A l te rn a t iv e ly , the d ire c t  nuc leophilic  approach proved 
to be useful fo r  obtaining a non-imino macrocycle capable o f octahedral
H H KgCO,
A  + -> w v  Ç
Cl Cl n = l  M
Me L N J Men=2
W
79
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geometry w ith a metal core. Thus, through the simple combination of
2,6- b is (chloromethyl)pyrid ine and N,N'-dimethylethylenediamine 79 was 
obtained.
Following the s tra ightforward synthesis of 79 the corresponding 
C o(II) and C u(II) complexes were prepared.^^^ Of the two possible modes 
fo r  complexation (A or , configuration A was believed less l i k e ly  due 
to the r i g i d i t y  imposed by the d irected pyrid ine nitrogens.
c r ~ T )N— n^ n /
B
The X-ray c rys ta l structures showed both complexes to e x is t  in 
configuration ^  in  which the pyrid ine donor atoms occupy the central 
positions o f the meridional spans. In cobalt complex 80, the Co-N(Py) 
distances are ide n t ica l and the Co-N distances are likewise equal. The 
copper complex 81 is ,  however, more d is to r te d  from perfect octahedral 
geometry and although the Cu-N(Py) distances are id e n t ic a l ;  the 
remaining Cu-N distances vary s ig n i f ic a n t ly  (Figure X I).
D. Pi pyrid ine Macrocycles.
The po ten tia l 1ig a n d o p h il ic ity  o f d ipy r id ine  in 54 was 
overshadowed by the detrimental e f fe c ts  o f  the imidate moieties on i ts  
coordinating a b i l i t y .  Following the successful preparation o f 
6 ,6 *-b is (ch lo rom ethy l)-2 ,2 ‘ -d ip y r id in e  (82), these problems were 
overcome with the s t ru c tu ra l ly  re la ted analog ^  which possesses a l l
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the necessary features to in te ra c t favorably with t ra n s i t io n  metal 
ions.
r W k
Cl Cl
82
0 0
83
0 , n=3 
bj n=4
84
When 83 was treated with CoClg.GHgO in methanol followed by 
t r i t u r a t io n  w ith ethyl acetate, the blue c ry s ta l l in e  complex 84 was 
obtained (80%). The X-ray crysta l s truc tu re  (Figure X II)  shows 84 to 
contain pentacoordinate Co(II) with one o f the coordination s ites  
occupied by an ethereal oxygen. The geometry about the metal is  neither 
square pyramidal nor ideal tr igona l bipyramidal but may be best 
considered a d is to r ted  form of the l a t t e r ,  since three o f  the donor 
atoms l ie  in a tr igona l plane. Because tetrahedral and pentacoordinate 
geometries are ene rge tica lly  s im i la r ,  and since the ethereal atom may 
coordinate without loss o f other l igands, Co-0 complexation is  
apparently s ta b i l ize d  by the chelate e f fe c t .  Although a hexacoordinate 
s tructure can be envisioned, the resu ltan t highly d is to rted  octahedron 
would cause substantia l losses in c rys ta l f ie ld  s ta b i l iz a t io n  
energy.
112Macrocyclic ether complexes o f group lA and IIA metal ions as 
well as lanthanides^^^ and actin ides^^^ in high oxidation states are 
known, however, the occurrence o f C o (I I) -0  coordination in the so lid
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State is h ighly unusual. Although ethereal oxygen is  known to 
complex w ith early  t ra n s i t io n  metals in high oxidation s ta tes , th is  
type o f in te rac tion  is  not expected to be p a r t ic u la r ly  strong with 
la te r  t ra n s it io n  metals. The ether coordination in 84 is  assumed to be 
weak based on the long Co-0 distance o f 2.319(5)A, as compared to 1.93A 
in CoClg.ZHgO.llS
As a side product in the synthesis o f these d ipy r id ine  
macrocycles, the 2 :2-macrocycle ^  was obtained. Treatment o f ^
with CuClg in methanol afforded (75%) the dinuclear complex 86. 116
0 0
N N
85
Oi n= 3,m =l 
b i n = 4 , m=l
From i t s  X-ray crys ta l s truc tu re , the C u(II) ions were found to be 
coordinated in a d is to rted  tr igona l bipyramid configuration (Figure 
X I I I ) .
The conformation o f ^  is  shown to have intramolecu lar in teractions 
such tha t the aromatic rings stack in pa ra l le l fashion w ith a distance 
of 3.66A between ring centers and 7.16A between copper atoms. In the 
crysta l s truc ture  o f 84 (Figure X I I ) ,  the molecules pack so that the
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heteroaromatic rings are p a ra l le l ,  w ith  intermolecu lar distances of 
3.94A between r ing  centers, and 7.83A between cobalt atoms. Thus, 
the polyethereal bridges in 86 have l i t t l e  e f fe c t  upon the packing of 
the complexed aromatic fragments.
In contrast to  the so lid  phase conformation of ESR studies 
have indicated tha t in  so lu tion the conformation is  best described by 
an in-out type con figuration (Figure XIV).
Figure XIV
IV. Cyclometallated Pallad ium (II) Complexes
Thus fa r ,  the designs o f t ra n s i t io n  metal ligand systems were 
re s tr ic te d  to moieties in which bonding in te rac tions  with the metal 
core were l im ited  to oxygen and nitrogen donors. The formation of a 
five-membered chelate ring s tructure in which oxygen a c t ive ly  
part ic ipa ted  in coordination to the metal, as demonstrated in complexes 
84 and 86, was in te re s t in g  because o f the po ten tia l l ig a t in g  a b i l i t y  
imparted to other atoms oriented in the same pos it ion . In the realm of 
cyclometallated complexes containing t ra n s i t io n  metals; the f iv e -  
membered cyc l ic  core has been established as a s ta b i l iz in g  influence in
3
systems where p a r t ia l  coordination o f  the metal is  through an sp carbon 
117sigma bond. The in troduction  o f  th is  bonding mode in to  a macrocyclic 
framework could eventually  resu lt  in a ligand system
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possessing the a b i l i t y  to form unusual ly stable carbon- t rans i twn metal 
bonds, while a t the same time, coordinating a second metal ion in the 
remaining crown ether portions (Figure XV). The i n i t i a l  work in  th is  
area was conducted on non-macrocyclic molecules in order to evaluate 
re la tionsh ips inherent in  t ra n s i t io n  metal complexes possessing £-metal 
bonds and also to establish the basic p r inc ip les  behind the f iv e -  
membered chelate ring s ta b i l i t y  hypothesis.
Figure XV
A. Pyridine P d(II)  Complexes.
In 1976, Okeya and Kawaguchi reported the preparation o f  the 
f i r s t  pa l lad ium (II)  b is (central-carbon-bonded ethyl acetoacetate) 
complex Synthesis of a P d (II )  complex with two C-3 bonded
87
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acetyl acetone ligands was attempted, however, due to the favored 
s ta b i l i t y  o f the 0 ,0 ' -che la te , the b is -C-3 P d(II )  complex was not 
i s o l a t e d . T h e s e  neutra l Pd(II) complexes, as well as P t ( I I )  
complex dianions, which possess two y-acac l igands, are unstable in
solu tion and eas ily  rearrange to the isomeric ^-coordinated
120complexes.
U t i l iz in g  the general strategy invoked fo r  §Z, along with
ins igh t gained from previous ligand design, a new series o f che lating
agents was generated, which possessed d ire c t  linkage(s) o f the
1216-dicarbonyl un its  to the pyrid ine nucleus. From inspection of 
molecular models, had the ideal o r ie n ta t io n  o f the 6-dicarbonyl un its  
to accommodate the Pd atom in a 5-member chelate ring s tructure w ith the 
trans carbon-metal-carbon geometry.
88
a) R=acac
b) R=C02Et
89
Subsequent formation o f the complex M  was accomplished through the
addition o f SS and KgPdCl^  ^ to an aqueous potassium hydroxide so lu tion
containing one equivalent o f pyr id ine, which acts as the external
ligand. The incorporation o f the malonate este r in to  ligand system Mb
served as a device to l im i t  a lte rnate avenues of complexation i . e . ,
C^-chelation of the metal since enolization in the malonate series is
122rare as compared to acetyl acetone.
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The NMR spectra o f revealed a molecule which was symmetric­
a l l y  disposed about the metal but, s u rp r is in g ly , the ester methylene 
groups appeared as two separate s ignals. From the X-ray s truc tu re  of 
89b. exact symmetry w ith the two heteroaromatic rings trans and 
orthogonal was demonstrated. The coordination sphere is  d is to rted  
somewhat from ideal square planar geometry. The ra tiona le  fo r  the 
magnetic nonequivalence o f the ethyl methylene hydrogens is now 
b e tte r  understood, since and H, are in obviously d i f fe re n t  
chemical environments (Figure XVI), as determined from X-ray data.
Since t ra n s i t io n  metal complexes are cu rren t ly  receiving consider­
able a tten tion  as po ten t ia l antitumor agents, complex was tested fo r
i t s  potentia l b io lo g ica l a c t iv i t y .  Unfortunately the prelim inary
122screening has shown i t  to  be inactive fo r  th is  purpose.
B. Dinuclear P d ( I I )  Complexes
An in te res ting  extension of these cyclometallated complexes 
formed from ligand system gg is the possible va r ia t ion  of the 
external trans-oriented JN^donor. In complex g£, pyrid ine is used, 
however, other obvious choices can su b s ta n t ia l ly  modify the s truc tu re  
to y ie ld  dinuclear complexes. Substitu tion  o f pyrid ine with a 
d ifunc tiona l br idg ing moiety, such as pyrazine or 4 ,4 ' -d ip y r id in e  can 
connect two organometallie complexes in a l in e a r  fashion. These
molecules can serve as potentia l models fo r  intramolecular one-electron
123 124tra n s fe r  redox systems and semiconductors. Our in te re s t in  th is
class o f compounds arose from varied fa c to rs :  (1) b io log ica l a c t iv i t y ;
(2) conformational and s truc tu ra l aspects; (3) potentia l c a ta ly t ic
p roperties; and (4) chemical and physical manipulation of the bridging
ligand.
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Of the numerous d inuclear complexes prepared, pyrazine bridged
12590 gave suitable c rys ta ls  fo r  X-ray s truc tu re  determination. The 
y-dimer has exact symmetry with the 2 - fo ld  axis normal to the 
pyrazine plane (Figure X V II) . The pyrazine bridge deviates s l ig h t ly  
from l in e a r i t y ,  as the two Pd-N vectors re la ted  by the symmetry axis 
form an angle o f  172.0°. In add it ion , there is  a s l ig h t  deviation 
from square planar geometry as previously noted.
KOH/HoO 
+ + L-L -ËÎÔH
90
R
A s. R-COgEl C 0, R 'CO gB
b, R - C O 2 M 0  0, R -C O 2 0
D b, RaCOgM,
C. D ipyridine P d ( I I )  Complexes
The use o f m ult identate ligands, such as d ip y r id in e , is 
by fa r  the superior approach fo r  enabling the complexation o f various 
t ra n s i t io n  metal ions w ith  diverse geometries. The melding of these 
properties with the a b i l i t y  to form carbon-metal bonds, as in complex 
89, thus resulted in an e n t i re ly  new class o f  organometallie complex 
93 which is capable o f encapsulating the metal ion in a fused 5*5*5 
t r i c y c l i c  ring system possessing overall c is  geometry.
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In order to successfu lly carry out the cyclometalla tion of
i t  became necessary to develop new methods fo r  the i n i t i a l  ^-metal
ion coordination. Of the l im ited  examples fo r  preparing complexes
from 6 ,6 '-d is u b s t i tu te d -2 ,2 '-d ip y r id in e ,  only aqueous reaction
128-131conditions had been employed. This method o f complexation was
not, however, acceptable fo r  £1 since the IN-coordinated Pd(II) and
122
P t ( I I )  adducts had l im ite d  s o lu b i l i t y  in water. Also, attempts to
form a _C-metal bond in aqueous solution at elevated temperatures
would, no doubt, subject the ester fu n c t io n a l i ty  to hydrolysis.
The u lt im ate procedure derived to bypass the numerous problems
involved s t i r r in g  91 in  dry a c e to n it r i le  w ith PdCl^ u n t i l  a homogeneous
so lu tion  was obtained, thus ind ica ting  complete formation of adduct 92.
Cyclometallation o f 92 to  y ie ld  complex 93 was subsequently conducted
127through the addition o f  anhydrous KgCOg.
Careful s truc tu ra l examination o f 92, via X-ray analysis, revealed
133a non-classical mode o f ^-metal bonding. The geometry o f 92 is 
unique in tha t the best plane of the four donor atoms is acutely bent by 
ca. 40° out o f the best plane defined by the d ipy r id ine  (Figure X V II I ) .  
In add it ion , the two pyr id ine  rings are not common to one plane in tha t 
there ex is ts  an overa ll " t i l t "  about the 2 ,2 '- l inka ge . The out-of-p lane 
bending exhibited by palladium in these complexes is  due in large pa rt,
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Figure XVIII. ORTEP drawing of 92.
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Figure XIX. ORTEP drawing of 9 3 .
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to  the s te r ic  e f fe c t  o f substituents in the 6 and 6' pos it ions.
Although th is  unusual o r ien ta t ion  o f the metal with respect to the
coordinating nitrogens is not present in the X-ray s truc ture  o f , the
conformational re s tra in ts  imposed by the formation of two carbon-metal
127bonds are evident (Figure XIX). The opening up of the angles across 
the 2 ,2 ' -d ip y r id in e  linkage is  pronounced, which a ttests  to the strained 
nature o f the fused r ing  systems and the v e r s a t i l i t y  of d ip y r id in e , as a 
1igand.
In contrast to the trans complexes ££, the cis complex M  
displayed pronounced b io log ica l a c t iv i t y  in  prelim inary DNA nicking 
a s s a y s . A l t h o u g h  £3 has the same geometric configuration as the well 
known antitumor drug c is -d ich lorodiam mineplatinum(II), the e lec tron ic  
environments o f these two complexes are vas t ly  d i f fe re n t ,  espec ia lly  
w ith respect to the Pt-Cl vs. Pd-C bonds. These prelim inary b io log ica l 
tests suggest that the po ten tia l antitumor a c t iv i t y  may be in t im a te ly  
re lated to the cis geometry.
I t  is  also noteworthy tha t both c is  (93) and trans (££) 
complexes are extremely soluble as well as stable in a wide range of 
organic solvents. This s ta b i l i t y  was i n i t i a l l y  surpris ing in view of 
the ac id ic  3-hydrogens which would lead to degradation of the complex to 
an o le f in  i f  abstracted. However, examination of the X-ray data 
revealed tha t the appropriate o rb ita l  alignment can not be achieved in 
the five-membered chelate ring fo r  e lim ina tion  to occur.
D. Cyclometallation in Larger Rings
The five-membered cy c l ic  core has been commonly accepted as a 
p rerequ is ite  fo r  imparting s ta b i l i t y  to cyclometallated complexes; 
the ra tiona le  being the necessity fo r  such complexes to possess a
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1171igand-metal-carbon bond angle o f ca. 90°. Although th is  premise 
appears to have general v a l id i t y ,  i t  is  not a s t r i c t  requirement fo r  
other stable multimembered rings in view o f bond d is to r t ion s  which 
are possible in t ra n s i t io n  metal coordination.
The preparation o f a trans 6-membered ligand system M  was 
accomplished through the Michael addition o f  dimethyl sodiomalonate 
to  2-vinyl pyrid ine followed by complexation to give 95 via 
established procedures.
94 95
From the X-ray s truc tu re  o f £5 ne ither the Pd-N nor Pd-C bond 
lengths are unusual; a l l  are s im ila r  to those found in analogous 
five-membered r ing  complexes. The N-Pd-C angles average 84.2° which 
is  4° larger tha t those found in previous 5-membered complexes 
(Figure XX).
I t  appears tha t six-membered rings can read ily  accommodate the 
square-planar geometry o f pa llad ium (II) and in fa c t when compared 
w ith five-membered r ing  systems, no unusual or unfavorable geometries or 
in te ractions can be found.
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Figure XX. ORTEP drawing of 95
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V. Conclusion.
The underlying theme throughout most o f  our research endeavors 
has been the development o f new macrocyclic compounds capable o f  
diverse metal ion encapsulation. To enhance the in te raction  between 
crown ethers, and t ra n s i t io n  metal ions, the pyrid ine moiety has been 
extensively employed as a subunit w ith in  macrocyclic structures.
I n i t i a l l y ,  pyr id ine was incorporated in to  the crown ether 
framework via d ire c t  oxygen-attachment o f a glycol fragment to the 
a-positions of the r in g .  This approach inadverten tly  integrated an 
imidate moiety w ith in  the macrocyclic system which proved detrimental 
to the complexing a b i l i t y  o f the ligand. The overa ll e ffec ts  o f  the 
imidate moiety can be summarized as fo llow s: 1) there is a net
decrease of electron density  on the N^donor which diminishes 
in te rac tions  with metal ions; and 2) N-coordination is s te r ic a l ly  
hindered by the r ig id  nature of the imidate moiety. Thus, 
macrocycles o f th is  v a r ie ty  are extremely poor complexing agents.
These undesirable features were elim inated via the inclusion o f 
a methylene bridge between the pyridine nucleus and glycol oxygen(s) 
which eradicated the imidate group. The re su lt in g  macrocyclic 
ligands demonstrated the ca p a b il i ty  to form stable t ra n s it io n  metal 
complexes in the so l id  sta te  as well as in so lu t ion . Further, the 
in s ig h t gained from these model systems was instrumental fo r  
assessing new modes o f  bonding in cyclometallated complexes.
To augment the s t a b i l i t y  o f t ra n s i t io n  metal complexes even 
fu r th e r ,  a new type o f ligand was contrived possessing not only an 
JN-donor, but also a p o te n t ia l ly  coordinating methine carbon. From 
these ligands, a series o f cyclometallated P d (II )  complexes was
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obtained which possess an extremely stable sp C-Pd anionic bond(s).
The s t a b i l i t y  o f these complexes was o r ig in a l ly  credited to the 
favorable geometries associated with the 5-membered chelate ring . 
However, the formation o f  an equally stable cyclopalladated 
d e r iva t ive  possessing a 6-membered chelate ring in c ite s  important 
questions regarding fac to rs  in fluencing the s t a b i l i t y  o f these unique 
compounds.
At present, only the prelim inary studies on th is  new class of 
P d (II )  complex have been completed. The trans and c is  complexes of 
pyr id ine and d ipyrid ine established the v e r s a t i l i t y  o f  the basic ligand 
design; however, i t  was not known i f  other he terocyc lic  subunits could 
be employed in a s im ila r  capacity, or i f  the present ligands are indeed 
the best choice fo r  maximum enhancement o f s t a b i l i t y .  In add it ion , 
cyclometalla t ion in la rger rings deserves fu r th e r  a tten tion  in l ig h t  o f 
the aforementioned re su lts .
The research described in the fo llowing pages was designed to 
answer several questions regarding cyclometallated P d(II)  complexes. 
S p e c if ic a l ly :  1) can the 1,10-phenanthroline moiety be incorporated
in to  a ligand system analogous to 9^ and disp lay a wider range of 
complexing a b i l i t ie s ? ;  2) what is the e ffe c t  upon complexation o f a 
6-membered chelate ring in  the d ipyr id ine  and phenanthroline ligands? 
and; 3) how would the in se rt io n  o f a carbonyl or ethano bridge 
between the pyrid ine rings o f  ^  a ffe c t  complex s ta b i l i t y ?
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Chapter 2. a-Methy1 Functiona lization o f  2 ,9-D im ethy l- l,10- 
phenanthroline and Synthesis o f a [3 .3]Cyclophane Containing the
1,10-Phenanthrolino Moiety.
In troduc tion .
Although there ex is ts  much in te re s t in  macromolecules and 
ligands, which contain complex multidentate subunits capable of a 
t ra n s i t io n  metal inc lus io n , the synthetic design o f such molecules is 
severly re s tr ic te d  by the a v a i la b i l i t y  o f appropria te ly  
functiona lized heterocycles. The fu r th e r  development o f improved 
synthetic  procedures aimed at producing these p ivo ta l bu ild ing blocks 
is  essential fo r  the fu tu re  probing o f the f ro n t ie rs  in th is  area. 
Previously reported syntheses^^^ and a-methyl fun c tiona liza t ion^^^  o f 
6 ,6 ' -d im ethyl-2 ,2 '-d ip y r id in e  are representative o f the general type o f 
methodology which has to  be cu lt iva ted  in order to promote the diverse 
molecular architectures which w i l l  lead to new and in te res ting  
t ra n s i t io n  metal complexes.
In addition to d ip y r id in e ,  other heteroaromatics possess 
extremely valuable physical properties which are p o te n t ia l ly  capable 
o f  enhancing the dynamic cha rac te r is t ics  in  macromolecular 
frameworks. One such compound is  2,9-d im ethyl- l,10-phenanthro line 
96, which is s t ru c tu ra l ly  re lated to 65. Considerable a tten tion  has
H3C CH3CHH
96 65
56
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been given to %,  because o f i t s  complexation ch a ra c te r is t ics ,
b io lo g ica l a c t iv i t y ,  chemical re a c t iv i ty ,  and re la ted chemical 
1 lAapp lica tions . Further, since there were no l i te ra tu r e  examples fo r  
the a-methyl fu n c t io n a liza t io n  o f 96 when we sta rted  th is  p ro jec t,  an 
extensive e f fo r t  was d irec ted  at a tta in ing  th is  goal. In contrast to 
65. fo r tuna te ly  |6  is  commercially ava ilab le ; however, because of i t s  
high cost ($3.00/gram), i t  was decided to synthesize 96 from read ily  
ava ilab le  s ta r t in g  m ateria ls  and to subsequently ac t iva te  the 
a-methyl su b s t itu e n t(s ) .
Synthetic Aspects.
137A synthesis o f 96 had been previously reported by Madeja, in
which 2 -n it ro a n i l in e  was condensed with crotonaldehyde to give
1372-m ethy l-8-n itroqu ino line  98 via the Skraup reaction and using 
ASgOg, as oxidant. Subsequent reduction o f the n i t r o  group was 
accomplished with iron and acetic  acid followed by a second Skraup
97 (B)
NH;NOa
A=Croton(ildehyde, 
As^ Og/ HCl
B=F0/AcO H
C=Crotonaldehyde,
A lC U /H C I
98 99(Cl
CH
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reaction under s l ig h t ly  d i f fe re n t  conditions to give M -  Although the
y ie ld s  fo r  th is  three-step synthesis are average a t best, we found tha t
abnormally high y ie lds  fo r  the Skraup reactions could be obtained i f
careful temperature control was exercised and add ition  of reactants
conducted over a longer time period, than previously described.
With the desired heterocycle 96 in hand, a tten tion  was focused on
possible approaches to methyl group fu n c t io n a l iza t io n .  At the outset,
the f i r s t  in c l in a t io n  was to apply the reaction sequence which had
1 lApreviously been successful fo r  65, invo lv ing the preparation o f the 
b is -N-oxide 100, followed by a Boekelheide rearrangement to obtain the 
b is -acetate 101. Subsequent hydrolysis o f 1£I followed by standard 
halogénation procedures afforded 82.
AcO,
CH CH
AcOH
OAc
65
82
KaCOj/EtOH
101
102
In the case o f unsubstituted phenanthroline, a l i te ra tu re  survey 
revealed tha t several researchers have claimed to have prepared the
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corresponding b is -N-oxide by standard treatment with AcOH and
138hydrogen peroxide. However, attempts to prepare the analogous 
b is -N-oxide 103 under the most severe conditions (prolonged reaction 
time at elevated temperature) resulted in formation o f  the mono-N-
CH)
103
104
1 13oxide 104, which was only characterized by H and C NMR, due to i ts
in s t a b i l i t y .  The unsymmetrical character of 104 was unquestioned
based on i t s  ^H NMR data which showed a complex 10-line  pattern in
the aromatic region and two d is t in c t  s ing le ts  at 6 2.68 and 2.85 fo r
13the methyl groups. Likewise, the C NMR of IM  displayed a 14-line
pattern w ith  the nonequivalent methyl carbon atoms resonating at 6
18.71 and 25.33. I t  was f i n a l l y  concluded that the b is -N-oxide 103
could not be prepared because o f the unfavorable s te r ic  and
e le c tron ic  requirements which would be imposed by the close proximity
o f the two oxygen atoms. Although many sources have reported these
b is -N-oxides and th e ir  re la ted de riva t ive s , a l l  such claims are fa lse
139based on our extensive attempts to  prepare i t .  Although the 
mono-N-oxide could serve as an appropriate intermediate fo r  the
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preparation o f the unsymmetrically functiona lized d e r iva t ive s , the 
primary in te re s t ,  herein, was the symmetric a-halomethyl compounds.
As an a lte rna te  approach, the d ire c t  fu n c t io n a liza t io n  o f âê was
attempted via free radica l halogénation using IN-chlorosuccinimide (NSC)
as the ch lorine radical source and benzoyl peroxide, as i n i t i a t o r ,  in
CCl^. This procedure had previously been found to give extremely good
1y ie lds  o f m ethy l-ch lo rina tion  when applied to 65; however, the 
iden tica l reaction w ith % yie lded a complex mixture of chlorinated 
products in the presence o f one equivalent o f NCS per methyl group. The 
unselective nature o f radical ch lo r ina t io n  in th is  case was fu r th e r  
confirmed by the fa c t tha t the reaction was esse n tia l ly  complete w ith in  
30 minutes. I f ,  however, the procedure was conducted using three 
equivalents o f NCS per methyl g r o u p , t h e  b is ( tr ich lo ro m e th y l) 
de riva tive  105 was iso la ted in qu a n t ita t ive  y ie ld  a f te r  3 hours. A ll 
attempts to contro l product formation fa i le d  as a re su lt  o f  the greatly  
enhanced re a c t iv i ty  o f 9§ re la t iv e  to other heteroaromatics encountered.
Although the b is (chloromethyl) de riva t ive  108 could not be 
obtained in one-step via the free radica l approach, an in d ire c t  
method was developed which made use o f the high y ie ld  conversion of 
96 to the b is -tr ich lo rom ethy l species. A one-pot hydrolysis o f 105 
in  concentrated H^ SO^  and subsequent e s té r i f ic a t io n  with MeOH 
qu a n t ita t ive ly  afforded ester Repeated attempts a t reduction
o f 106 w ith LiAlH^ cons is ten tly  resulted in low y ie ld s  o f alcohol 
107; whereas using NaBH^, th is  reduction q u a n t ita t iv e ly  transformed
1 A?to I M  to 102. The b is (chloromethyl) de riva t ive  108 was f i n a l l y
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DH2S04/S0
2) WbOH
COgCHg COgCHg
96
N0BH4
105 106
107 108
obtained (72%) by the use of PCl^, as the ch lo r ina t ing  agent. 
S urp ris ing ly , the standard use o f SOClg fo r  th is  transformation did not 
give 10§, but resulted in the formation o f a yet unknown phenanthroline 
de r iva tive , which was extremely unstable and contained s u l fu r  according 
to mass spectral analysis. The NMR o f th is  unknown ind icated that no 
methylene protons were present and the downfield s h i f t  o f the aromatic 
region was s im i la r  to the pattern observed fo r  105. This aromatic 
pattern in phenanthroline is in d ica t ive  o f an a-methyl substituent which 
is po lysubstitu ted w ith electron withdrawing groups. One possible 
structure fo r  th is  product, which concurs with the NMR data, arises from
the reaction o f  107 w ith two molecules o f SOClg as shown in  Scheme V I I I .  
This type o f product is  not w ithout precedent since SOCl^ is  known to 
undergo numerous competitive s ide-reactions depending upon the substrate 
re a c t iv i ty .
The appeal o f  th is  round-about-procedure fo r  synthesizing 1.08 is 
due p a r t ia l ly  to the high y ie ld  conversions fo r  each step, and also
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'0  O'
SOCI,
-HCl
SOCI,
Cl
5=0
Cl
/
a
Cl
Scheme VIII
to  the very simple work-up procedures which do not require 
chromatography. To conserve these desirable fea tu res, two facets o f 
the sequence have proven to  be o f utmost importance. F i r s t ,  any 
im purit ies  incurred from the i n i t i a l  halogénation can subs tan tia l ly  
lower the y ie lds  o f a l l  subsequent transformations. This can be 
p a r t ia l l y  avoided by rec rys ta l 1iza tion  of the NCS immediately p r io r  
to use. Further, during the radical halogénation procedure, reaction 
times longer than three hours have been found to give measurable 
amounts o f  ring halogénation which s ig n i f ic a n t ly  complicates the 
workup procedure. Secondly, hydrolysis of 105 to 106 using 
concentrated H^ SO^  can lead to sulfonated products upon extended 
heating p r io r  to the add it ion  o f MeOH. Sulfonation is usually 
detected by the formation o f a noticeable pink or purple hue in the 
reaction mixture.
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An a lte rna te  sequence to obtain 2 ,9 ' - b is (bromornethyl )-
1 , 10-phenanthroline has been recently reported^^^ a f te r  the 
completion o f th is  work. This procedure involved transformation of 
M  to the corresponding dialdehyde followed by reduction to 1 ÛZ and 
subsequent treatment w ith HBr to give (37%) the bromomethyl 
d e r i v a t i v e . A t t e m p t s  to reproduce th is  sequence on a larger scale 
than the o r ig in a l authors resulted in reduced y ie ld s ;  whereas, the 
herein reported sequence was re la t iv e ly  independent of reaction s ize.
Cyclophane: Synthesis and Characterization.
I t  has been previously shown that e le c tro n -d e f ic ie n t hetero­
aromatics with 2,6 - 0 X 0  substituents do not re ad ily  form tra n s it io n  
metal c o m p l e x e s . I n  order to circumvent the major causes of the 
poor 1 ig a ndo ph il ic ity  and diminished N-electron density , inclusion o f 
an a-methylene u n it  between the bridging heteroatom and heterocyclic 
r ing has been deemed necessary. Numerous macrocycles containing the 
( d i - )  pyrid ine subunits have been r e p o r t e d h o w e v e r ,  only a few 
examples o f macromolecules containing the re la ted phenanthrolino 
moiety are k n o w n . F u r t h e r ,  no phenanthrolino macrocycles have ye t 
been reported tha t contain a-methylene u n its .
In order to synthesize macrocycles possessing two d i f fe re n t  
bonding loc i w ith in  a c y c l ic  ca v ity ,  the synthesis o f [3 '3 ] -  
cyclophanes was explored through the combination o f ^  and 
Shinmyozu et a l .  successfully prepared 109 via condensation of 
m- b is (bromomethyl)benzene and the b is -anion o f  te trae thy l m- 
d ie thy lbenzene-a ,a ,a ',a ' - t e t r a c a r b o x y l a t e . U s in g  th is  general 
procedure, the analogous cyclophane was synthesized from IQS and the
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R
*
R
R
109
te t ra e s te r  de riva tive  110 o f d ip y r id ine  which was ava ilab le  through
1 n c
previous studies. The heterocyclophane M l  was prepared (>50%) by
A R
O l O
108
NoH/THF R
R
110
111
the treatment o f the dianion o f 110 with 108 under high d i lu t io n
IQ 1
conditions. The H NMR spectrum o f M l  showed two spikes at 6 3.55 
and 3.84 fo r  the two d i f fe re n t  a-methylene groups and a s in g le t  at 6 
3.67 fo r  the methoxycarbonyl groups, ind ica tive  o f the symmetrical 
nature o f  the cyclophane. The aromatic region fo r  the r ig id  
phenanthrolino moiety remains in v a r ia n t ,  but the d ip y r id in o  H-3 sh if ts  
up fie ld  (a6=0 . 2 0 ) ,  suggestive o f  a syn conformation imposed
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by the macrocyclic s truc tu re . Selective decoupling a t H-5 {& 7.88)
transforms the H-4 t r i p l e t  in to  a doublet and simultaneously sharpens
the H-3 (6  8.11) doublet, confirming the spectral assignment. The 
1 1C NMR of 111 fu r th e r  demonstrates the molecular symmetry by the
presence o f exactly  16 resonances, as predicted. In te re s t in g ly ,  both 
1 1 3the H and C NMR spectra ind ica te  tha t the methoxycarbonyl groups 
reside in magnetically equivalent environments at 28°C, supportive of 
a mobile conformational equ ilib r ium  at tha t temperature. Variable 
temperature NMR showed a coalescence temperature around -56°C (187K) 
since the s in g le t at 6 3.67 broadened and began to appear as two 
broad s in g le ts , supportive o f conformational r ig id i t y  via the 
diastereotopic groups (Figure XXI).
Attempts to prepare the re lated cyclophanes 112 and 113 by th is  
procedure were unsuccessful. In the case o f 113. the cyc l iza t io n  was
R
R
R
R
112 113
i n t u i t i v e ly  more d i f f i c u l t  as a re su lt  o f  the increased ro ta t iona l 
freedom associated with the bridging o f  two d ipyr id ino  moieties 
w ith in  a crowded r ing . In the case o f 112, the product was believed to 
have formed but because o f i t s  resistance to d isso lu tion  (even in
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hot DMF), p u r i f ic a t io n  and characterization were not possible.
Several attempts to prepare the N i( I I )  and C u(II) complexes of 111 
were also unsuccessful presumably as a re s u lt  o f e ith e r s te r ic  
constra in ts imposed by the ester groups a t the s i te  o f complexation 
or an unfavorable o r ie n ta t ion  o f the JN-electrons. Decarboxylation of 
one ester group on each side o f jJJ. resulted in a complex mixture of 
isomers as indicated by the m u lt ip le  methyl ester resonances 
appearing from 6 3.60 to  3.65. Attempted complexation o f th is  
mixture was unsuccessful in sp ite  o f the more accessible binding 
s i te .
Test reactions have also shown tha t crown ether derivatives can 
be prepared in high y ie ld  using 108 and pentaethylene g lyco l.
113 b
EXPERIMENTAL SECTION.
General Comments. A l l  uncorrected melting points were taken in
1 13c a p i l la ry  tubes w ith a Thomas-Hoover Uni-Melt apparatus. H and C 
NMR spectra were determined on e ith e r  a Varian Associates A-60A, 
Bruker WP-200, or IBM NR/80 NMR spectrometer by using CDClg 
so lu t ions , except where noted, with Me^Si (.01%), as the in te rna l 
standard. IR spectra were recorded on a Perkin-Elmer 621 
g ra t ing - in fra re d  spectrophotometer. Mass spectral (MS) (70ev) data
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[herein reported as (assignment, re la t iv e  in te n s i ty ) ]  were determined 
by Mr. D, Patterson on a Hewlett-Packard HP 5985 GC/mass spectrometer.
Reported values were ascertained by a standard th in - la y e r  
chromatography (TLC) procedure: Baker-flex® s i l ic a  gel IB2-F plates
e lu t ing  w ith the s tipu la ted  solvents. For the preparative th ic k -  
layer chromatography (ThLC), 2mm Brinkmann s i l ic a  gel PF-254-366 
plates were used. For column chromatography Baker s i l i c a  gel 
(60-200 mesh) was used. Elemental analyses were performed by Mr. R.
Seab in these labora to r ies . Solvents were pu r if ied  according to 
known^^^ procedures, unless otherwise noted.
2-Methyl-8 -n it ro q u in o lin e  (98) was prepared by known 
137procedures, , the Skraup reaction using 2 -n i t ro a n i l in e  and 
crotonaldehyde: 86%; mp 135-137°C (MeOH) ( l i t . ^ ^ ^  mp 137°C).
2-Methyl - 8 -aminoquino1ine (99) was prepared by known reduction 
procedures o f 98: 90%; mp 53-55°C (MeOH) ( l i t . ^ ^ ^  mp 56°C).
2 .9-Dimethyl-1,10-phenanthroline (96) was prepared by known
137Skraup reaction procedures using 99 and crotonaldehyde. The 
product was recrys ta l 1ized from CHgClg/CgH^g: 92%; mp 164-166°C
( l i t . 137 mp 165°C).
2 .9-Dimethyl-1,10-phenanthroline #-oxide (104). To a s t i r re d  
solution o f 2 ,9-dimethyl-1,10-phenanthroline ( Ig , 4.8mmol) in  AcOH 
(5mL), HgOg (5mL, 30%) was added, followed by heating (70°C) fo r  3 
hours. The so lu tion  was cooled and repeatedly d ilu ted  with water and 
reconcentrated. The residue was neutra lized with aqueous NagCOg, 
extracted w ith CHgClg, and dried over anhydrous MgSO^ . A fte r  
evaporation o f  the solvent, the residue was dried in vacuo to  give a 
l ig h t  tan s o l id ,  which rapid ly decomposed upon standing and
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attempted p u r i f ic a t io n :  NMR 6 2.67 (s , 2-Œg, 3H), 2.85 (s,
9-CHg, 3H), 7.34-7.46 (m, 3,4,8-phenH, 3H), 7.58. 7.92 (2d,
5,6-phenH, J=8.2Hz, 2H), 7.98 (d, 7-phenH, J=8.2Hz, IH); NMR 6 
18.71 (2 -CH3 ) ,  25.33 ( 9 -CH3 ) ,  122.88 (C5.C6), 123.48 (C8 ) ,  125.08 
(C3), 126.39 (C4B), 127.46 (C4), 131.29 (C4A), 135.44 (C7), 137.53 
(ClOA), 141.80 (ClOB), 149.65 (C2), 158.18 (09).
2 .9 -B is (tr ich lo rom ethy l)- l,10 -phenan th ro line  (105). A s t i r re d  
suspension of 9§ (lOg, 50mmoL), NCS (39g, 300mmol), and benzoyl 
peroxide (50mg) in  CCl^ (400mL) was refluxed fo r  3 hours. The 
mixture was cooled, f i l t e r e d ,  and concentrated in vacuo to give a 
s o l id ,  which was dissolved CHCI3 . The organic frac t ion  was washed 
with a saturated aqueous Na^ CO^  so lu t io n , dried over anhydrous MgSO ,^ 
f i l t e r e d ,  and concentrated in vacuo to give 105. as a pale yellow 
so lid :  19.9g (100%); mp 212-214^0 [ l i t . ^ ^ O  mp 212-214°C],
2.9-Bis(methoxycarbonyl)-l,10-phenanthroline (106). A s t i r re d  
suspension o f (59g, 140mmol) in concentrated H^ SO^  (27mL) was 
heated to 90°C fo r  2 hours. [Caution: HCl gas was l ib e ra te d ! ]
A fte r  cooling, MeOH (65 mL) was cautious ly  added with rapid s t i r r in g ,  
then the resu ltan t so lu tion  was refluxed fo r  1 hour. The mixture was 
cooled and neutra lized cautiously w ith a saturated aqueous NagCO^  
so lu tion , and f i l t e r e d  to give J M , as a l i g h t  tan so lid : 42g 
(100%); mp 210-212°C (a f te r  sublimation) [ l i t . ^ ^ O  mp 213-214°C].
2 .9-Bis(hydroxymethyl)-l,10-phenanthroline (107). Solid NaBH^
(3g, 80mmol) was slowly added to a so lu t ion  o f 106 (5g, 20mmol) in 
absolute EtOH (500mL). The solution was refluxed fo r  3 hours, 
cooled, and concentrated to give a s o l id ,  which was dissolved in hot 
water (200mL) and continuously extracted w ith CHCI3 fo r  6 hours. The
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organic ex trac t was concentrated in vacuo to give d io l 107. as l ig h t  
yellow m icrocrysta ls: 3.9g (95%); mp 195-197°C [ l i t . ^ ^ ^  mp
197-198°C].
2,9-B is(ch lorom ethyl)- l,10-phenanthro line (108). To a so lu tion  
of d io l 1ÛZ (3g, 12.5mmol) in CHCl^ ( 200mL) was added PCl^
(12mL) in CHClg (20mL) with constant s t i r r in g .  A fte r the add ition  
was complete, the mixture was refluxed fo r  1 hour, then concentrated 
in vacuo to give a viscous o i l ,  which was neutra lized w ith a 
saturated aqueous Na^CO  ^ so lu tion . A f te r  f i l t r a t i o n  and washing with 
cold water, the b is -ch lo r ide  was iso la ted as a l ig h t  yellow so lid  
(which was fu r th e r  p u r i f ie d  by chromatography through a short s i l i c a  
gel column e lu t ing  w ith  CH^Cl^): 2.5g (72%); mp 178-180°C (dec.);
NMR 6 5.11 (s, CHg, 4H), 7.83 (s, 5,6-phenH, 2H), 7.95 (d, 3,8-phenH, 
J=8.5Hz, 2H), 8.32 (d, 4 ,7-phenH, J=8.5Hz, 2H); NMR 6 47.41
(CHgCl) ,  122.50 (C3), 126.58 (C5), 128.28 (C4A), 137.35 (C4), 144.77 
(ClOA), 157.43 (C2); IR (Csl) 1620, 1590, 1360, 1270, 1140, 850cm"^;
MS m/e 276 (M+, jOO), 241 (36.1), 205 (43); Anal. Calcd. fo r  
C14H10N2CI2 : C, 60.69; H, 3.61; N, 10.11. Found: C, 60.32; H,
3.-94; N, 9.88.
[3.3]Cyclophane (111). To a re f lu x in g  mixture o f anhydrous 
THF (200mL) and NaH (216 mg, 50% dispersion in o i l ) ,  was added 
simultaneously over 3 hours te tra e s te r  110 (500mg, 1.7mmol) in 
THF (lOOmL) and I M  (311mg, l.lmmol) in THF (lOOmL) under in e r t  
atmosphere using high d i lu t io n  c o n d i t i o n s . A f t e r  an add itiona l 
12 hours o f re f lu x in g , the excess NaH was cautiously neutra lized with 
MeOH and then the mixture concentrated in vacuo to give a s o l id ,  
which was continuously extracted with CHCl^ fo r  6 hours. A fte r
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concentration in  vacuo the crude product (> 50% y ie ld ,  90% p u r i ty )  
was chromatographed (ThLC) on alumina, e lu t in g  with CHCl^/EtOAc 
acetate (5:4) to give (45%) pure J i l ,  as white c rys ta ls : mp 200°C;
NMR 6 3.55, 3.84 (2s, py/phenCH^, 4H ea), 3.67 (s , OCHg, 12H),
7.35 (d, 3,8-phenH, J=8.0Hz, 2H), 7.72 (s , 5,6-phenH, 2H), 7.88 (d,
5-pyH, J=7.0Hz, 2H), 8.10 (dd, 4-pyH, J=7.0Hz, 2H), 8.11 (d, 3-pyH,
J=7.0Hz, 2H), 8.43 (d, 4 ,7-phenH, J-=8.0Hz, 2H); NMR 6 38.9 
(PyCHg), 40.7 (phenCHg), 52.5 (OÇH3 ), 58.3 [[(COgCHg)^], 119.5 
(pyC-3), 123.3 (phenC-3,8), 123.8 (PyC-5), 126.0 (phenC-5,6),
127.5 (phenC-4a,4b), 136.0 (PyC-4), 137.7 (phenC-4,7), 146.1 (phen- 
C-10a,b), 156.0 (pyC-6 ) ,  156.6 (PyC-2), 157.7 (phenC-2,9), 171.5 
(C=0); IR (Csl) 1720, 1550, 1430, 1200, 790cm~^ Anal. Calcd. fo r  
^36^32^4^8'^^3^^ (methanol found to be incorporated by TGA): C,
65.29; H, 5.33; N, 8.23. Found: C, 65.28; H, 4.98; N, 8.11.
Azacrown ether 113b. To a re f lux ing  mixture o f anhydrous THF 
(300ml) and NaH (250mg, 50% dispersion in o i l ) ,  were added simultan­
eously over 2 hours tetraethylene glycol (500mg, 2.6mmmol) in THF 
(lOOmL) and JJS (720mg, 2.6mmol) under high d i lu t io n  cond it ions.
A fte r  an additional 3 hours o f re f lu x in g , the excess NaH was 
cautiously neutra lized with MeOH and the mixture concentrated in 
vacuo to give a viscous o i l ,  which was dissolved in CHgClg and washed 
w ith water. The organic layer was dried over anhydrous MgSO ,^ the 
solvent evaporated and the residue dried in  vacuo to give (30%) 113b. 
as a colorless o i l :  ^H NMR 6 3.64-3.95 (m, CjigO, 20H), 5.15 (s, a-CHg,
4H), 7.72 (d, 3 ,8 -phenH, J=8.5Hz, 2H), 7.76 (s , 5,6-phenH, 2H), 8.50 (d,
4 ,7-phenH, J=8.5Hz, 2H); MS m/e 442 (M+, 8 ) ,  383 (9),  339 (14), 311 
(12), 237 (24), 233 (100), 208 (75).
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Chapter 3. A Comparative Evaluation o f the NCS a-Methyl Chlorination 
in Electron-poor Heterocycles.
Introduction
The application o f radica l halogénation to the fun c t io n a liza t io n
o f organic substrates is  not commonly regarded as the method o f
choice because of the general va r ia t ion  o f halogenated products.
Only in very few systems is  the s e le c t iv i t y  o f halogénation such tha t
one major product is generated in su itab le  y ie ld s  tha t subsequent
p u r i f ic a t io n  does not present a problem. Free radical halogénations
are dependent upon the nature o f the ra d ic a l,  the re a c t iv i ty  o f
reactants and products, and the type of abstractable hydrogen atoms
present in the molecule(s).^^^ In add it ion , solvent can play an
important ro le ; however, solvent e ffec ts  in radical reactions are not
150nearly as well understood as in the case o f ion ic  reactions.
When dealing with hydrogen abstraction by the chlorine or 
bromine ra d ica l,  i t  must be kept in mind tha t these two species are 
vas tly  d i f fe re n t  in re a c t iv i t y .  In reactions invo lv ing the bromine 
ra d ic a l ,  there is a s ig n i f ic a n t  amount o f bond breaking at the
TS.
TS
PHCH, f  Cl-PHCH,+ Br
A H =  -  10 kcol
Figure XXII
72
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t ra n s it io n  s ta te . In contrast, the t ra n s i t io n  state fo r  hydrogen 
abstraction by the ch lo rine  radical occurs so early that very l i t t l e  
C-H bond breaking has taken place (Figure XXII). The d issoc ia tion  
energy of the C-H bond is  more important fo r  the less reactive bromine 
radical than fo r  the h igh ly  reactive ch lo r ine  radical because the extent 
o f bond breaking in  the tra n s it io n  sta te  is  greater. Thus, bromine 
shows a greater tendency than chlorine to attack a to an e lectron 
withdrawing group since the C-H bond energy is lower than in most other
ICI
parts of a given substrate.
Because of the success with free rad ica l halogénation of 
6 , 6 ' -d imethyl- 2 , 2 ' -d ip y r id in e  to give 82, i t  was decided to fu r th e r  
explore the synthetic  u t i l i t y  of th is  one-step procedure fo r  the 
fun c t ion a liza t ion  o f other electron-poor heterocycles. Although 
several routes to the model a-halomethylpyridines have been 
reported,^^^"^^^ the procedures are e i th e r  lengthy and/or thwarted with 
sporadic y ie ld s .  A d ire c t  halogénation procedure, which could be 
applied to various heterocycles with pred ic tab le  experimental re su lts ,  
would be of t im e ly  value fo r  obtaining necessary s ta r t in g  materia ls fo r  
re lated pro jects.
There are only two l i te ra tu re  examples which have dealt 
s p e c if ic a l ly  w ith the systematic evaluation of radical halogénations 
in substituted aromatic s y s t e m s . H o w e v e r ,  these e f fo r ts  were 
concerned p r im a r i ly  w ith  the solvent e f fe c ts  in the NBS bromination 
o f toluene. Although radical halogénations are reported fo r  the
I O C  I C O  T C T
a-methyl fu n c t io n a l iza ito n  of some heteroaromatic systems, ’ ’
there are no previous reports o f a systematic study being conducted 
on a large number o f heterocycles as described herein. In add it ion ,
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the primary goal o f th is  study is to determine the re la t iv e  re a c t iv i ty  
o f the heterocyclic substrate and not to reevaluate solvent e f fe c ts .
Results and Discussion.
I n i t i a l l y  both ch lo rine  and bromine were considered in the 
radica l halogénation o f  a-methyl heteroaromatics. However, due to 
the reactive nature o f the bromomethyl d e r i v a t i v e s , q u a t e r n i z a t i o n  
normally precluded is o la t io n  o f the desired product. In add it ion , 
polybromination was found to be an extremely fa c i le  process in CCl^ 
w ith  many of the compounds y ie ld in g  the gem-dibromides, as the major
p r o d u c t s .
From prelim inary halogénation reactions using N-chlorosuccinimide 
(NCS), there appeared to be an in d ire c t  but real re la tionsh ip  between 
the ease of halogénation and the e lec tron ic  environment o f the methyl 
group. In order to b e tte r  understand the e ffe c ts  o f molecular 
s truc tu re  on re a c t iv i ty  and to i l lum ina te  those factors having an 
influence on the reaction course; a comparative evaluation of the NCS 
radical ch lo rina tion  procedure fo r  a series o f heterocycles was 
undertaken. The resu lts  o f  th is  study are summarized in Table 1.
To minimize the in fluence of reaction parameters, such as: 
so lvent, temperature, and concentration, a standard set o f reaction 
conditions was applied to the heterocycles studied. Thus, any 
va r ia t io n  in y ie ld  or product d is t r ib u t io n  among the compounds can be 
a t t r ib u te d  p r im arily  to  inherent d ifferences in  the e lec tron ic  
microenvironment o f the methyl group(s).
In general, the chloromethyl deriva tives were the favored 
products with the gem-d iha lides  con s t itu t in g  a smaller, but notable.
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f ra c t io n  o f the to ta l  product mixture. The y ie lds  of sp e c if ic  
products were found to vary considerably depending upon the nature o f 
the heteroaromatic and the position o f the methyl group. There is  no 
apparent, discernable pattern in product d is t r ib u t io n  common to a l l  
systems, although ce rta in  ch lo r ina t ion  patterns appear more frequently  
than others.
Regardless o f the complex re la t ion sh ip  ex is ting  between
structure  and r e a c t iv i t y ,  the product d is t r ib u t io n  fo r  a p a r t ic u la r
substrate can c le a r ly  ind ica te how severe or how mild the reaction
conditions must be in order to optimize the formation o f a s p e c if ic
product. This p r in c ip le  is g raph ica lly  i l lu s t ra te d  with
6 , 6 '-d im ethy l- 2 , 2 ' -d ip y r id in e  (M ) which gave the mono-chloromethyl
and b is (chloromethyl) derivatives in 37% and 10% y ie ld ,  respec tive ly ,
under the standardized conditions. However, under optimized reaction 
135conditions, §2 was obtained in 65% y ie ld  w ith complete disappearance 
o f the mono-chlorinated intermediate.
N C S (2E #v )—  : ^
65
One o f the most commonly used solvents fo r  NCS free radica l 
halogénations is  CCl^ which was the solvent employed in th is  procedure 
because i t  gave the best resu lts  fo r  subsequent optim ization of 
reaction conditions. However, with extremely reactive substrates 
CCl^ is  a poor choice fo r  several reasons:
82
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1 ) there is  a tendency to increase the re a c t iv i t y  and decrease the 
s e le c t iv i t y  o f the ch lo r ine  ra d ica l;  2 ) i t s  re la t iv e ly  high b o i l in g  
po in t (bp 76.7°C) might enhance decomposition o f reactive products 
and; 3) the reaction usua lly  proceeds so ra p id ly  tha t iso la t io n  o f 
the monohalomethyl p roduct(s ), as the major product is  lessened.
Under these circumstances, i t  was necessary to employ solvents which 
could exert a more s ta b i l iz in g  influence on the radical species.
Solvents, such as CHgClg and HCO^ Me, have been demonstrated to slow 
the rate o f halogénation in  extremely ac tiva ted systems and thus 
increase the s e le c t iv i t y .  Methyl formate has been shown to exert the 
la rgest s ta b i l iz in g  e f fe c t^^ ^  in NCS reactions, with only the most 
reactive  examples from Table 1 showing conversion to products a f te r  the 
standard reaction time.
Offermann and Vôgtle^^^ have conducted an extensive study on the 
s o lv e n t /s e le c t iv i ty  re la t io n sh ip  in radical bromination with 
jN-bromosuccinimide (NBS) in non-heterocyclic c o m p o u n d s . T h e y  
have shown through th e i r  study tha t the s e le c t iv i t y  o f bromination 
increases with decreasing re fra c t ive  index o f  the solvent. In 
a dd it ion , the pH o f the medium has been found to influence 
s e le c t iv i t y ,  again only in  selected cases. Thus, a stepwise increase 
in  the solvent re f ra c t iv e  index is be tte r su ited to in e r t  substrates 
while  a decrease in re f ra c t iv e  index accommodates the more reactive 
species. Although solvent e ffec ts  fo r  NBS bromination may not be 
iden tica l to NCS c h lo r in a t io n ;  we have observed a common trend, in 
tha t solvents associated w ith an increase in s e le c t iv i t y  normally 
behave the same fo r  both rad ica ls .
For optim ization o f  product y ie lds  in the NCS free radical
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halogénations as applied to heteroaromatics, the fo llow ing l i s t  o f  
parameters is  most important; 1 ) so lu tion concentration; 2 ) reaction 
time; 3) period ic addition o f i n i t i a t o r ;  and 4) choice o f so lven t(s ).
By manipulating one or more combination o f  these parameters, i t  is  
possible to a l te r  the product d is t r ib u t io n  fo r  a given substrate and 
thus increase the production o f one or more sp e c if ic  chloro 
d e r iv a t iv e (s ) .  However, w ithout a knowledge o f the substrate 
re a c t iv i ty  w ith respect to radical c h lo r in a ito n , any modifications in 
the reaction conditions would be purely t r i a l  and e rro r.  Thus, the 
data reported herein represents a gauge o f re a c t iv i ty  trends fo r  a 
series o f re lated heterocycles which can be used as a device to p red ic t 
the most l i k e ly  set o f conditions fo r  obtain ing the desired product.
Although the l i s t  o f heterocycles studied is  fa r  from exhaustive, 
s im ila r  re a c t iv i t ie s  can be in fe rred among compounds which are 
s t ru c tu ra l ly  re lated to those in Table 1.
Experimental Section
General comments are given in Chapter 2. Legend fo r  Table 1 is 
as fo llows: a) Reagent grade reactants were dried over molecular seives
and d is t i l l e d  p r io r  to use. b) Isolated y ie ld s .  The starred (* )  en tr ies 
denote tha t the molecule was too unstable fo r  f u l l  d ire c t  ana ly t ica l 
analysis and immediately transformed in to  a stable dimethyl malonate 
d e r iva t ive , c) A l l  products gave sa t is fa c to ry  microanalysis (C, ± 0.20;
H, ±0.30, N, ± 0.20), except those denoted by a s ta r.
Free Radical Chlorination o f Methyl-N-heteroarenes.
General Procedure. A s t i r re d  mixture o f methyl heterocycle 
(lOmmol), benzoyl peroxide (50 mg), CCl^ (50 m l) , and N-chlorosuccin i­
mide (NCS; 1 equiv. per methyl group) was re fluxed fo r  24 hours under
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an argon atmosphere. The mixture was cooled in an ice bath then 
f i l t e r e d  and concentrated in vacuo to give a residue which was 
subsequently chromatographed (ThLC) on s i l ic a  gel e lu t in g  with 
CgHg/EtOAc (5:1) to give the products and isolated percentages shown 
in Table 1.
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Chapter 4. The Synthesis o f Vinyl and Vinyl Substituted Derivatives 
o f Phenanthroline and D ipyrid ine.
In troduc tion .
Up to th is  po in t,  our primary goal in  electron-poor
heteroaromatic substituent fu n c t io n a l iza t io n  was to introduce a
halomethyl group in the 2 -pos it ion  o f a pyrid ine nucleus.
Necessary synthetic  s k i l l s  fo r  accomplishing th is  goal were developed
and the u t i l i t y  o f these halomethyl pyr id ine  derivatives was f i rm ly
127established from other pro jects . I t  was o f in te res t to explore in 
greater depth other means of fu n c t io n a l iza t io n  which could o f fe r  
greater po ten tia l fo r  chemical manipulations.
A p a r t ic u la r ly  novel class of heterocycles is that of 
v in y lp y r id in e s , which have received considerable a tten tion  as reactive 
intermediates. These o le f in s  have been demonstrated to have a wide 
range o f synthetic  u t i l i t y  and are known to undergo a va r ie ty  o f 
reactions common to o le f in s  including hydrogenation, reductive
coupling, d im eriza tion , ox idation , halogénation, and the D ie ls-A lder
reaction. Further, the known Michael addition of dimethyl
sodiomalonate w ith  2 -v in y l pyrid ine gave r ise  to a model t ra n s i t io n  metal 
134ligand 9£. Obviously, a functiona l group o f  th is  type, which is 
capable of undergoing numerous transformations, could s ig n i f ic a n t ly
94
»
R
95
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augment the synthetic value of more complex he terocyc lic  systems, such 
as: d ipyr id ine  and phenanthroline.
Synthetic Aspects.
The most obvious approach to the synthesis o f  6 , 6 ' - d iv in y l -  
2 ,2 '-d ip y r id in e  ( l U )  and 2 ,9 -d iv iny l-1 ,10-phenanthro line (^19) was 
through the use of the W it t ig  reaction with m e thy ltr ipheny l- 
phosphonium bromide and the corresponding dialdehydes H 6 and 118, 
respective ly . The p rerequ is ite  fo r  th is  sequence is  a reasonably 
e f f i c ie n t  synthetic route to  the aldehyde precursors. In the case of 
6 , 6 ' - b is ( fo rm y l)-2 , 2 ' -d ip y r id in e  (116), two possible synthetic 
pathways are a v a i l a b l e ; h o w e v e r ,  only one p rac tica l approach 
ex is ts  fo r  2 ,9 -b is ( fo rm y l} - l , 10-phenanthroline^^^ (Scheme TX).
Route A
Br' N ^Br
114
117
Route B
S c h e m e  I X
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
118 119
Scheme IX (Continued)
Because o f the d i f f i c u l t y  associated with scaling up the two
l i t h ia t io n  steps and the p o te n t ia l ly  hazardous^^^ i n i t i a l  coupling
procedure inherent to Route A, the a lte rna te  Route B was chosen as
the most desirable synthetic  stra tegy to dialdehyde . I n i t i a l l y ,
the orange perbromide, generated in s i tu  from I M  w ith 48% HBr and
excess molecular Br^ w ith aqueous NaNO^  at 0°C, afforded an e f f ic ie n t
intramolecular route to the desired 2-bromo-6-picoline (115). Care
must be exercised during the transformation from I M  to  115, since
the amine can undergo e le c t ro p h i l ic  r ing bromination in a manner
analogous to a n i l in e ,  i f  the temperature is  not maintained below 0°C
p r io r  to and throughout the d iazo tiza t ion  stage. The coupling o f 115
132with palladium on charcoal using phase trans fe r conditions
afforded (>50%) 6 , 6 ' -d im ethyl-2 ,2 '-d ip y r id in e  (55).
U lt im a te ly , conversion o f M  and |5  in to  the corresponding
99 140dialdehydes 116 and 118 was accomplished via SeOg ox idation . ’
The ox idation o f S5 proceeded smoothly in an aqueous 1,4-dioxane 
so lu tion warmed to 60°C; however, 55 was res is tan t to  oxidation under 
these conditions and could only be transformed to the dialdehyde in 
re f lux ing  ace tic  acid.
In c ip ie n t attempts at performing the W itt ig  reaction on 115 and 
118 in ethereal or hydrocarbon solvents were unsuccessful as a re su lt
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of the l im ite d  s o lu b i l i t y  o f the aldehydes at the necessarily low 
reaction temperatures required in these solvents; the use of 
tetramethylethylenediamine (TMEDA) was found to be the most e f fe c t iv e  
solvent fo r  f a c i l i t a t i n g  the transformation o f 116 to 117. Even with 
th is  so lvent, the o le f in  was prepared in  meager (30%) overa ll y ie ld s .
I t  appears tha t th is  general approach was plagued with too many 
problems to o f fe r  a practica l so lu tion  fo r  the synthesis o f the 
desired v iny l compounds. Because o f  the lengthy and time consuming 
procedures fo r  obtaining the methyl substitu ted s ta r t ing  m ateria ls , 
i t  was necessary to develop a new scheme which would make more 
e f f ic ie n t  use o f the intermediates.
In add it ion  to the standard W it t ig  reaction conditions, 
there are numerous varia tions which are useful fo r  expanding the scope 
of phosphorus y l id e  chemistry. The Wittig-Horner reaction u t i l i z e s  
phosphorus s ta b i l iz e d  anions which are more activated toward o le f in a t io n  
than the standard W itt ig  betaines and normally require less severe 
c o n d i t i o n s . T y p i c a l l y ,  the reaction is  conducted through the 
i n i t i a l  condensation of an a lky l halide with a t r ia lk y l  phosphite to 
give the intermediate phosphonate d e r iva t ive .  The phosphorate is  then 
treated w ith base to y ie ld  the phosphorus s tab il ized  anion which w i l l  
undergo o le f in a t io n  reactions with aldehydes and ketones in a normal
P(ORL + R C H .C I > RCHp- PIORL---------- » RCH=C '
3 2 < II < \ r '
0  "
S c h e m e  X
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W itt ig  fashion (Scheme _X). The advantages o f th is  approach over the 
standard W itt ig  reaction are; 1) PO-stabi1ized carbanions are more 
nuc leoph ilic  than the corresponding phosphonium y l id e s ,  thus more 
reactive under milder conditions; 2 ) the phosphinic acid side product 
is  water soluble and e a s i ly  separated from the alkene; 3) phosphonium 
y l id e s  require re la t iv e ly  expensive phosphine s ta r t in g  materials while 
phosphonates are eas ily  and cheaply prepared from t r ia lk y l  phosphites 
and a lky l halides; and 4) side reactions are less frequent than in the 
simple W itt ig  reaction.
Since the a-chloromethyl derivatives 8^  and 108 were obtainable 
through previously described halogénation procedures using the 
dimethyl intermediates and %,  a new synthetic  approach was 
envisioned which used the W ittig-Horner reaction (Scheme XI ) .
Although th is  scheme involves an additiona l step, the increase in
»
82,108 120,121 117,119
S c h e m e  X I
the overa ll y ie ld  would read ily  compensate fo r  the additional work. 
The phosphonate deriva tives were eas ily  prepared by re f lux ing  the
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b is (ch1oromethy1 ) compounds 82 or 108 in  excess t r ie th y l  phosphite 
followed by d i s t i l l a t i o n  of excess so lvent. The resu lt ing  
phosphonates were then treated with hydroxide in an aqueous methanol 
so lu tion followed by addition of aqueous formaldehyde. The reactions 
were noticeably exothermic and appeared to be complete in less than 
30 minutes based on a temperature p r o f i le .
S u rp r is ing ly , the compounds obtained were not the expected 
d iv in y l d e r iv a t iv e s , but proved to be the methoxypropenyl deriva tives 
122 and 123 as determined by and NMR (discussed in the 
fo llow ing sec tion ). Apparently, the phosphonate intermediates
H3CO OCH, OCH
122 123
experience an add it iona l degree o f anion s ta b i l iz a t io n  by v i r tu e  of 
the a-pyridy l subs tituen t. Thus, the i n i t i a l  reaction o f the 
phosphonate w ith formaldehyde is followed by a second deprotonation 
step, again forming the phosphorus s ta b i l iz e d  anion which can react 
fu r th e r w ith a second molecule o f formaldehyde. The eventual 
collapse o f the 4-centered W itt ig  intermediate y ie lds  the 
hydroxypropenyl de r iva t ive  which undergoes nucleophilic  attack by 
methoxide to give the observed reaction products (Scheme X I I ). This 
f in a l  reaction step may take place through e ith e r an S|^2 or S^2 '
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S c h e m e  X I I
attack by methoxide. Regardless of the precise mechanism, i t  is 
c lear tha t the hydroxypropenyl de r iva t ive , which must e x is t  during 
some stage o f the reac tion , experiences an enhanced s u s c e p t ib i l i ty  
toward nucleophilic  a ttack . The related d iv in y l  compound 117 was 
in e r t  to nucleophilic  attack by methoxide under iden tica l reaction 
conditions, even a f te r  prolonged periods in re f lux ing  MeOH. In 
addition M l  did not undergo Michael add ition  with dimethyl malonate.
NaOMe/MsOH/A »  NO REACTION
o
^  NO REACTION
MaOH /A
117
In order to obtain an authentic sample o f  i t  was necessary 
to perform the reaction under anhydrous conditions using
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_s-butyll i th iu m  as base, and dry tetrahydrofuran with formaldehyde 
gas. By th is  method the desired 125 was obtained (35%) along w ith 
the unsymmetric de riva t ive  124 (15%). This reaction indicates tha t
s-buLi
forTTiddehyde(gas)
(EtOlgP^O 0=P(0Et),
120 124 125
the formation o f these v iny l products can be con tro lled  by va r ia t ion  
in e lec troph ile  concentration. Thus, i f  exactly  one equivalent of
the appropriate aldehyde is  introduced, i t  should be possible to
favor predominant conversion to the unsubstituted v iny l de r iva tive . 
The present reaction is  complicated by the fa c t  tha t precise molar 
equivalent measurements o f formaldehyde are impossible since i t  
ex is ts  as a gas under normal conditions.
To the best o f our knowledge, there is  only one previous
l i te ra tu re  example in which a vinyl pyrid ine was observed to give a 
product s im ila r  to those reported herein. Ivanovski reported the 
synthesis o f 2 - (4 -p y r id y l) - l-p ro p e n -3 -o l by heating 4-v iny l pyrid ine 
and formaldehyde at 200°C in the presence o f  secondary amines.
Those conditions are ra the r severe and i t  is  u n l ike ly  that the 
reaction proceeds in the same fashion as the phosphonate de r iva tives .
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The most probable pathway fo r  th is  reaction is ou tl ined  in Scheme
X I I I .
GO
R
HO HO
O
'N"
Scheme XIII
More recently V i l l ie ra s  and Rambaud reported the synthesis of 
ethyl a-hydroxymethylacrylate 126 and ethyl a-halomethylacrylates via 
the W ittig-Horner reaction in a heterogeneous medium using aqueous
formaldehyde and potassium carbonate. 167a
9
(ROlgPCHglCOgEf)
R
(ROlgRCHICOgEl)
CHgOH
A'HgCO/H^/KgCOg
0  CHJOH
II I ^
(ROgP-Ç-COgEt
CHgOH
They also found tha t the 
COgEt>
CHgOH
126
H2C=CH-C02Et 127
formation o f ethyl acrylate 127 could be reduced by using a large 
excess o f formaldehyde; thus under optimized reaction conditions, 126 
was iso la ted  in 77% y ie ld .  Obviously, V i l l ie ra s  and Rambaud did not 
observe the formation o f products a r is ing  from alkoxide attack, as in
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our reactions, since only aqueous conditions were u t i l iz e d .
Another example which has been used to obtain the s t ru c tu ra l ly
165related a l l y l i c  alcohols is the "scoopy" reaction , which involves
the use o f the g-ox ido-y lide  as the intermediate fo r  conversion of
the aldehyde to  the v iny l compound. These reactions normally require
more t ra d i t io n a l  W it t ig  conditions^^^^ (Scheme XIV).
0 -  0 -  
(Ph),P-CHMe WbCHO (Ph)g^-CH-CHMe —^ ---- > (Ph)3 P=C-CHMe
I
Me Me
H
Me
OH
Me
RCHO
Scheme XIV 
NMR Spectral Analys is .
The most s t r ik in g  feature in the NMR o f these phosphonates is
the long range coupling o f the aromatic protons to phosphorus (Figure
X X II I ) .  Proton-phosphorus coupling is  ro u t ine ly  observed over four
or more b o n d s t h u s ,  one would expect H-5 to show the la rgest
coupling constant followed in sequence by H-4 and H-3 on the basis that
coupling constant magnitude should decrease as the distance between the
spin coupled nuclei increases. S u rp r is ing ly , the observed coupling
constants are p=2.4, p=0.6, and p=2.0Hz which are
inconsistent with the above assumption. This observation is  not well
understood, however, spin coupling information is normally carr ied  by
electrons through chemical bonds and not through non-bonded 
167bin te rac tions . Thus, i t  appears tha t th is  system experiences
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some e le c tro n ic  perturbation which influences the transmission of 
information between the two coupled nuc le i;  in th is  case phosphorus and 
the heteroaromatic protons.
The spectral in te rp re ta t io n  o f the d iv in y l de riva t ive  117 was 
re la t iv e ly  s tra ightforward and s im i la r  to s t y r e n e . A  large trans 
coupling constant, J^^=17.4Hz, was observed along with the 
ch a ra c te r is t ic  geminal, J^j^=1.9Hz, and c is  coupling, Jg^=10.4Hz 
(Figure XXIV). This spectral datum was of utmost importance fo r
117
subsequent in te rp re ta t io n  o f the complex proton spectra obtained fo r
the unsymmetrical 124.
For the symmetrical methoxyvinyl substitu ted compounds, the
methylene protons are s p l i t  in to  a doublet o f doublets as a re su lt  o f
coupling to the terminal v iny l hydrogens. The methylene proton
coupling w ith Hj^  ( J^|^=1.40Hz) is  greater than w ith (J^^=0.9Hz) as
a re su lt  o f  a reasonable planar "W" conformation. Because o f the
additional coupling, and appear as two 6- l in e  patterns at 6
5.60 and 6.11, respective ly. In the hydroxyvinyl substitu ted 125,
and H appear as broad s in g le ts , presumably as a re su lt  o f hydrogen d
bonding in te rac t io ns .
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OCH OHH
122 125
As one might expect, unsymmetrical d isplays an extremely 
complex NMR spectra w ith  two sets o f v iny l protons which are in 
close proximity to the aromatic region (Figure XXV). Although the 
spectrum was cumbersome w ith  a large number o f proton signals in a
124
r e la t iv e ly  narrow range, a l l  signals were well resolved and could be 
assigned by comparison w ith  the spectra o f the symmetrical v inyl 
compounds. In add it ion , the alcohol resonance was confirmed by the 
add it ion  of D^ O which re a d i ly  caused H ->■ D exchange as evidenced by 
the decrease in size o f the broad s ing le t at 6 4.25 and the
concomitant sharpening o f  the methylene resonance (Figure XXVI).
13The C NMR of 123 was supportive o f i t s  symmetrical nature 
d isp lay ing exactly 20 carbon resonances. The methoxy carbon appears at 
6 58.24 w ith ch a ra c te r is t ic  v iny l resonances at 6 116.91 and 144.57.
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Experimental Section.
General comments are given in Chapter 2. We wish to express our 
gra titude to R e i l ly  Tar Chemical Corporations, 151 N. Delaware S tree t, 
Ind ianapolis , Indiana 46204, fo r  th e i r  generous g i f t  o f  2-amino-6- 
p ico lin e .
2-Bromo-6-picoline (115) was prepared by a known procedure^^^ 
from 2 -amino-6 -p ico l in e  via a diazonium s a l t  intermediate: bp
62-65°C (4mm) [ l i t . 1^8 bp 91-92°C (25mm)].
6 , 6 ' -Dimethyl- 2 , 2 ' -d ip y r id in e  (65) was prepared by a known 
procedure^^^ via c a ta ly t ic  coupling o f M 5 : mp 88-89°C [ l i t . ^ ^ ^  mp 
89-90°C].
6 , 6 ' -D ifo rm yl-2 ,2 '-d ip y r id in e  (116) was prepared by a known 
qq
procedure via the SeOg oxidation o f M  in AcOH: mp 233-237°C
[ l i t . lG 4 a  rnp 235°C].
6 ,6 '-D iv in y l-2 ,2 '-d ip y r id in e  (117). To a s t i r re d  dry TMEDA 
solu tion (25mL) o f butyl l i th iu m  (0.88mL, 2.4M; 2.1mmol) under 
n itrogen, methyltriphenyl phosphonium bromide (714mg, 2.0mmol) was 
added. The so lu tion was s t i r re d  fo r  4 hours at 25°C, followed by 
addition o f 6 , 6 ' - b is ( fo rm y l) -2 ,2 '-d ip y r id in e  (212mg, l.Ommol). The 
mixture was s t i r re d  at 65°C fo r  17 hours, cooled, and f i l t e r e d .  The 
TMEDA solu tion was then extracted w ith Et^O, followed by washing with 
water, and drying over anhydrous MgSO .^ A fte r  concentration in 
vacuo, the crude residue (288mg) was chromatographed (ThLC) on 
AlgOg e lu t in g  with CgHg to give (30%) 112, as white c rys ta ls :  mp
81-82°C; NMR 6 5.49 (dd, H . J_=10.4Hz, J ,=1.9Hz, 2H), 6.32 (dd,
a a X a D
"b-  ^ba'^ab- 2» ) -  6 - 9 :  2H),
7.31 (dd, 5-pyH, J=7.7, l.OHz, 2H), 7.76 ( t ,  4-pyH, J=7.7Hz, 2H),
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8.40 (dd, 3-pyH, J=7.7, l.OHz, 2H); IR(KBr) 1550, 1425, 975, 917, 
803cm"^ MS m/e 208 (M+, ^00), 182 (81), 154 (14); Anal. Calcd. fo r  
^14^ 12^2 = C, 80.77; H, 5.77; N, 13.46. Found: C, 80.81; H, 5.76;
N, 13.20.
6 ,6 ' -B is (d ie thy l methanephosphonate)-2, 2 ' - d ip y r id ine (120). A 
mixture o f 6 ,6 ' - b is (ch1oromethyl)-2,2‘ -d ip y r id in e  (550mg, 2.2mmol) 
and t r ie th y l  phosphite (25mL) was s t ir re d  and heated at 120-130°C fo r  
48 hours, cooled, and the excess t r ie th y l  phosphite removed by 
d is t i l l a t i o n .  The crude product was concentrated in vacuo and passed 
through a short s i l i c a  gel column e lu ting  w ith  CHgClg. A fter 
concentration, the product was re c rys ta l l ize d  from to give
(93%) 120, as white c ry s ta ls :  mp 95-96°C; NMR 6 1.25 ( t ,  Œg,
J=7.1Hz, 12H), 3.49 (d, pyCH^, ^Jp^=21.8Hz, 4H), 4.04, 4.14 (2q,
OCHg, J=7.1Hz, 8H), 7.37 (ddd, 5-pyH, J=7.8, 2.4, 1.2Hz, 2H), 7.70, 
7.80 (2dd, 4-pyH, J=7.8, 0.6 Hz, 2H), 8.30 (ddd, 3-pyH, J=7.8, 2.0, 
1.2Hz, 2H); IR (KBr) 2950, 1545, 1420, 1370, 1225, 1185, 1010, 945, 
820cm"l; 45g 1 0 ) ,  246 (21), 199 (22), 184 (jOO), 109
(47), 91 (38), 81 (77); Anal. Calcd. fo r  CgQHgqNgOgPg: C, 52.58; H, 
6.58; N, 6.14. Found: C, 52.19; H, 6.81, N, 6.13.
2 ,9-B is(d ie thy l methanephosphonate)-l,10-phenanthroline (121). 
General procedure is  the same as described above fo r  120. 
Recrystallized from CHgClg/CgH^g as white c rys ta ls  (90%): mp
74-76°C; ^H NMR 6 1.23 ( t ,  CHg, J=7.1Hz, 12H), 3.82 (d, pyCH^/^Jp^: 
22.1Hz, 4H), 4.12, 4.13 (2q, OCHg, J=7.1Hz, 8 H), 7.74 (s, 5,6-phenH, 
2H), 7.76 (dd, 3,8-phenH, 0=8.2, 1.7Hz, 2H), 8.19 (dd, 4,7-phenH, 
0=8.2, 0.5Hz, 2H); IR (KBr) 2950, 1560, 1425, 1370, 1200cm'^ MS m/e 
482 (M++2, 1) 481 (M++l,6 ) ,  480 (M+, 20), 479 (2 ), 344 (51), 209 (19),
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208 (99), 207 (100); Anal. Calcd. fo r  CggH^oNgOgPg: C, 55.00; H,
6.29; N, 5.83. Found; C, 54.74; H, 6.46; N, 5.55.
6 , 6 ' -B1s [2 -(3 -m ethoxypropeny l)]-2 ,2 '-d ipyrid ine (122). To a 
MeOH so lu t ion  (lOmL) o f 1 ^  (400mg, 0.877mmol), NaOMe (477mg,
8.77mmol) was added. The so lu t ion  was s t i r re d  fo r  2 hours at 25°C 
followed by the addition o f aqueous HCHO (5mL, 37% w /v). A fte r
s t i r r in g  fo r  an additional 48 hours at 60°C, the so lu tion  was cooled,
MeOH evaporated, and the residue extracted with CHgClg followed by an 
aqueous wash o f the organic layer and drying over anhydrous MgSO^ .
The solvent was evaporated and the residue concentrated in vacuo 
followed by chromatography (ThLC) on AlgO^ e lu t ing  w ith CgHg/EtOAc 
(1:1) to  a ffo rd  (41%) 122, as white m icrocrysta ls: ^H NMR ô 3.46 (s,
CH3 , 6H), 4.58 (dd, H^, J^^=1.4Hz, J^g=0.9Hz, 2H), 5.60 (d t ,  H^,
Jbx=Jxb' Jba=l'5Hz. 2H), 6.11 (d t ,  H,, J,b=Jba' 2H), 7.53
(dd, 5-pyH, 0=7.8, 1.3Hz, 2H), 7.78 ( t ,  4-pyH, 0=7.8 Hz, 2H), 8.37 
(dd, 3-pyH, 0=7.8, 1.3Hz, 2H); IR (KBr) 1550, 1430, 1085cm'^ MS m/e 
296 (M+, 8 ) ,  281 (^00), 249 (43), 219 (24). Due to the unstable 
character o f th is  molecule, sa t is fa c to ry  elemental analysis was not 
possible.
2,9-B is[2-(3-m ethoxypropenyl)]-l,10-phenanthro line (123). The 
general procedure is the same as described above fo r  122 .
Recrysta llized from petroleum ether as white needles (60%): mp
168-170°C (dec .);  H^ NMR 6 3.56 (s , CH3 , 6H), 4.86 (dd, H^, 0^j^=1.4Hz,
0x2=0 . 9Hz, 2H), 5.80 (d t ,  H^, 0(^x=^xb’ ? " ) ,  6.30 (d t ,  H^,
Ogx=Jxa' JabT^ba' 2 ") ,  7.72 (s , 5,6-phenH, 2H), 7.92 (d, 3,8-phenH,
0=8.5Hz, 2H), 8.19 (d, 4,7-phenH, 0=8.5Hz, 2H); ^^C NMR 6 58.24 
(OÇH3 ) ,  72.77 (CHg), 116.91 (=CHg), 119.68 (C3), 125.90 (C5), 127.80
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(C4a), 136.16 (C4), 144.57 (=6^ 2 ) ,  145.20 (ClOb), 156.03 (C2); IR 
(Csl) 2900, 1660, 1570, 1470, 1350, 1090, 900cm"^ MS m/e 520 (M+,
10), 305 (100), 275 (41), 273 (32), 205 (34); Anal. Calcd. fo r  
^20^20^2^2' 74.98; H, 6.29; N, 8.74. Found: C, 74.66; H, 6.02;
N, 8.55.
General Procedure fo r  Preparation of (124) and (125). To a dry 
THF so lu t ion  (30mL) o f 120 (500mg, 109mmol), was added sec-- 
butyl l i th iu m  (2.41mL, IM, 2.41mml) over a 10 minute period under 
nitrogen atmosphere at -78°C. The reaction was s t i r re d  fo r  2 hours 
followed by the in troduction  o f formaldehyde gas. A fte r  complete 
disappearance o f the red co lo ra t io n , the mixture was warmed to 25°C 
and s t i r r e d  fo r  an add it iona l 24 hours. A fte r  concentration in 
vacuo, the residue was dissolved in CHgClg, washed w ith aqueous 
NagCOg, dried over anhydrous MgSO^, f i l t e r e d ,  and concentrated. The 
crude residue was chromatographed (column) on s i l i c a  gel e lu ting  with 
CHgClg/MeOH/CHClg (2 :1:1) a ffo rd ing  two components 124 ( f i r s t  
f ra c t io n )  and 125 (second f ra c t io n ) .
6 -V in y l- 6 ' - [2 -(3 -hyd roxyp ropeny l)]-2 ,2 ' - d ip y r id ine (124) was 
recrys ta l 1ized from as white crys ta ls  (15%): mp 94-95°C;
NMR 6 4.25 (s , OH, IH), 4.67 (m, CH., 2H), 5.52 (dd, H . =10.3Hz,— — c  a a A
Jgj^=1.9Hz, IH), 5.56 (d, Hj ,^ J=0.8Hz, IH), 5.87 (d, H^, J=0.8Hz, IH),
6.34 (dd. Jbx=17.4Hz, IH). 6.92 (dd. H,. J,,b=Jbx,
J^^=10.3Hz, IH), 7.34 (dd, 5-pyH, J=7.7, 1.3Hz, IH ), 7.63 (dd,
5'-pyH, J=7.8, 1.3Hz, IH ), 7.77 ( t ,  4-pyH, 7.8Hz, IH ), 7.84 ( t ,
4'-pyH, J=7.8Hz, IH), 8.17 (dd, 3'-pyH, J=7.8, 1.3Hz, IH), 8.44 (dd,
3-pyH, J=7.8, 1.3 Hz, IH); IR (KBr) 3300 (OH), 1550, 1430cm"^ MS m/e
238 (M+, 87), 237 (100), 210 (26), 209 (99), 208 (72), 207 ( 6 6 ) ,  185
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(57); Anal. Calcd. fo r  CigH^^NgO: C, 75.63, H, 5.88, N, 11.76.
Found; C, 75.40; H, 5.67; N, 11.50.
6 , 6 ' -Bis[2-(3-hydroxypropenyl ) ] - 2 ,2 ‘ -d ip y r id ine (125) was 
re c ry s ta l l iz e d  from as white plates (35%); mp 157-160°C
(dec.); NMR 6 4.12 (s, OH, 2H), 4.68 (m, CHg, 4H), 5.58 (d, H^, 
J=0.7Hz, 2H), 5.89 (d, H^, J=0.7Hz, 2H), 7.65 (dd, 5-pyH, J=7.8, 
1.5Hz, 2H), 7.85 ( t ,  4-pyH, J=7.8Hz, 2H), 8.23 (dd, 3-pyH, 0=7.8, 
1.5 Hz, 2H); IR (KBr) 3300 (OH), 1550, 1425, 1025cm"^ MS m/e 268 
(M+, 96), 267 (100), 249 (33), 239 (62), 238 (92), 237 (46), 219 
(43); Anal. Calcd. fo r  CigH^gNgOg: C, 71.64; H, 5.97; N, 10.45.
Found: C, 71.24, H, 5.70; N, 10.15.
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Chapter 5. The Synthesis and Characterization o f M eta llocyc lic  P d(II)  
Complexes o f Phenanthroline Which Contain a 5-Membered Chelate Ring. 
In trod uc t ion .
Previously we reported the synthesis and characterization of a
new class o f organometal1ic  P d (II )  complexes u t i l i z in g  a fu n c t io n a l-
127ized d ipy r id ine  ligand. These complexes are among the f i r s t  to
form a c is -te tradenta te  framework in which p a r t ia l  coordination to
3
the square planar metal is  achieved via an sp anionic _C-Pd bond 
(e.g. ^ ) .  The success of th is  p ro jec t was due, in large pa rt,  to
93
the e f fo r ts  directed toward developing synthetic methods fo r
obtaining 6 , 6 *- b is (ch lorom ethyl)-2 , 2 ' -d ip y r id in e ,  which serves as the
135key intermediate fo r  ligand preparation.
In te re s t in g ly , the molecular models o f th is  d ipy rid ine  complex 
c le a r ly  implied tha t the stereochemical o r ie n ta t ion  of the ester 
groups was such that coordination through both carbon atoms could not 
take place! Nonetheless, ^  was obtained in good y ie ld  and was 
subsequently proven to be very s tab le ; thus one must be cautious of 
molecular models since possible d is to r t io n s  can ea s ily  be overlooked. 
To fu r th e r  expand the scope o f these jC-Pd-bonded complexes,
103
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i t  was of in te re s t  to investigate other heteroaromatic subunits 
oriented in a fashion s im ila r  to The s tru c tu ra l ly  re lated 
1 , 10-phenanthroline moiety was of p a r t ic u la r  in te res t because 
o f  i t s  known a b i l i t y  to form a va r ie ty  o f t ra n s it io n  metal complexes.
Thus, with the completion of su itab le  procedures fo r  obtaining
2,9- b is (ch lorom ethyl)-l,10-phenanthroline (Chapter 2), the 
corresponding phenanthroline ligands could be prepared in a fashion 
s im ila r  to the d ip y r id ine  analogs. In contrast to d ip y r id in e , the 
phenanthroline ligands would possess an additiona l degree of 
molecular r i g i d i t y  imposed by the benzo-fused backbone; however, i t  
was envisaged tha t cyclometallation could occur to give the 
tetracoordinate complex with two C-Pd bonds by v ir tue  of molecular 
d is to rt ion s  which could accommodate the necessary bonding 
in te ractions.
Synthetic Aspects.
The synthesis o f a series o f substitu ted phenanthroline ligands 
was accomplished by s t i r r in g  2,9- b is (chloromethyl)-l,10-phenan- 
th ro l in e ,  the appropriate malonic es te r d e r iva t ive ,  and anhydrous 
KgCOg in p u r i f ie d  JN,]i-dimethylformamide. In a l l  cases, the reactions 
gave only one major product, which could be isolated (> 70%) and 
c ry s ta l l iz e d . Besides th is  procedure, the more t ra d it io n a l approach 
using ethereal or a lcoho lic  solvents w ith  e ith e r  a lk a l i  metal hydrides 
or alkoxide bases gave reasonable y ie ld s  (50-70%) but were more 
unwieldy and afforded no special advantage over the KgCOg/DMF 
procedure.
Subsequent complexation of the phenanthroline ligands was performed 
by the procedure i l lu s t ra te d  in Scheme XV. Standard conditions involved
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S t i r r in g  the ligand together w ith PdCl^ in a c e to n it r i le  u n t i l  a 
homogeneous orange so lu tion  is  realized. The so lu tion  is  then warmed 
to 50°C followed by the add it ion  o f KgCO^  which generated the necessary 
carbanionic center to f a c i l i t a t e  nucleophilic  attack on the metal core. 
S im i la r ly ,  the use of methoxide, as base, also afforded the complexes 
w ith one C-Pd bond but again was somewhat more cumbersome than the 
aforementioned procedure.
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Results and Discussion.
Synthesis of the ligands fo r  the phenanthroline series proceeded
smoothly in the case of the methyl, e th y l,  and isopropyl malonates
128a-c. However, with the more bulky te r t ia r y  buty l and benzyl
malonates, formation of the symmetrically substitu ted ligands was not
observed. In contrast, the previously studied d ip y r id in e  analogs
127were e a s i ly  prepared under id e n t ica l conditions. Presumably the 
inherent syn or ien ta t ion  o f the phenanthroline moiety imparts an 
add it iona l degree of s te r ic  co n tra in t by requiring both malonate 
groups to reside on the same side of the molecule. With d ipy r id ine , 
the s te r ic  crowding caused by the large esters is  re lieved by the 
preferred anti conformation which is  unattainable w ith phenanthroline.
O r ig in a l ly ,  complexation to form the C-Pd bonded species was 
conducted under aqueous conditions using potassium hydroxide, as 
base. By th is  procedure, y ie ld s  o f complexes 130a-c were poor and a 
s ig n i f ic a n t  amount of metal degradation Pd(II) Pd(Q) was observed. 
A l te rn a t iv e ly ,  the use o f methoxide in THF under anhydrous conditions 
gave improved yie lds o f 130 w ith v i r t u a l l y  no detectable Pd(II) 
decomposition. Formation o f  the ]i-metal bonded adduct 129 is 
confirmed as the i n i t i a l  heterogeneous mixture changes to a 
homogeneous orange so lu t io n , which can be fa c i l i t a te d  by the addition 
o f trace amounts of l i th iu m  ch lo r ide .
The anhydrous approach to complexation using sodium 
methoxide/THF was eventually replaced by the more convenient 
KgCOg/CHgCN procedure (Scheme XV). This method was found to give 
con s is ten t ly  high y ie lds  and was insens it ive  to minor changes in
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reaction conditions. Traces o f water have been demonstrated to
promote metal ion reduction. Therefore, in  order to maximize product
y ie ld  and e lim inate formation of Pd(0), the use o f absolutely dry
MeCN was necessary. I t  seems odd tha t traces of water would have such a
pronounced e f fe c t  on th is  reaction since a large excess of anhydrous
KgCOg is  used, which served as base and drying agent. I t  is  conceivable
tha t metal reduction, [P d ( I I )  -»■ Pd(0)], is  a c tu a l ly  occurring on the
surface of the KgCOg and tha t the adsorbed water c a ta ly t ic a l ly  promotes
the process. The use o f other solvents, such as: acetone, ethyl
acetate, and benzene, fo r  the complexation were successful; however,
MeCN displayed the widest range of a p p l ic a b i l i t y .  In th is  reaction
sequence the i n i t i a l  formation o f the N-bonded adduct 129 is essential
fo r  optimum y ie lds  o f the iC-Pd bonded complexes.
Repeated attempts a t generating the symmetric complex J J l
possessing two C-Pd bonds met with fa i lu re  in a l l  cases. Under no
conditions were even trace amounts o f th is  complex detected! With
the previously studied d ipy r id ine  complexes possessing only one
C-Pd bond, the add ition  o f AgNO^  to the reaction mixture fa c i l i t a te d
formation of the second C-Pd bond, espec ia lly  in the case o f the la rger
127iso -propyl and jt-b u ty l esters. Presumably the n i t ra te  ligand
serves as a be tte r leaving group and permits the methine carbon to
approach the metal in a more e f fe c t ive  manner as a re su lt  o f  i t s
173decreased s te r ic  bulk re la t iv e  to ch lo ride . This technique, 
however, was in e f fe c t iv e  at f a c i l i t a t in g  the analogous transformation 
in the phenanthroline complexes (Scheme XVI). Thus, i t  was becoming 
more evident tha t the r ig id  phenanthroline framework was not subject 
to the same d is to r t io n s  observed in d ip y r id in e .
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During the course o f  a standard complexation work-up procedure,
an unexpected observation was made. A fte r f i l t r a t i o n  o f the excess
KgCOg from the mixture and p r io r  to d i s t i l l a t i o n  o f the MeCN, very
f in e  yellow crys ta ls  appeared in solution upon standing fo r  several
hours. These crys ta ls  were assumed to be the C-Pd complex 130:
however, the NMR revealed a simple pattern consisting o f three
sing le aromatic peaks, none o f which were common to 2 ,9 -d isubstitu ted
phenanthroline. This compound was eventually id e n t i f ie d  as
trans-d ic h lo rob is (oxazole)pa llad ium (II) by s ing le  crysta l X-ray
analysis (Figure XXVII). A l i te ra tu re  search revealed tha t th is
X-ray structure  had been previously reported and the complex was
iso la ted from a reaction which u t i l iz e d  MeCN as the solvent in the
presence o f PdCl^.^^^ The complex was obtained in sporadic y ie lds
(0  to 8 %) and, as in our case, was completely unexpected since the
primary reaction was concerned with forming a dimeric d isu lf id e
169complex. Unfortunate ly, those researchers 
explain ing the o r ig in  o f  the oxazole.
made no attempt at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
CL1
Figure XXVII.
ORTEP drawing of trans-dichlorobis(oxazole)palladium(II)
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I n i t i a l l y  i t  was assumed tha t oxazole formation was occurring in 
s i tu  via a F^-catalyzed condensation between MeCN, traces o f cyanide, 
and water; a lb e i t ,  the postu lation o f a reasonable mechanism of 
formation was d i f f i c u l t .  Attempts to increase the y ie ld  o f the 
oxazole complex by s t i r r in g  PdClg in MeCN and bubbling CO^  or 0^ 
through the so lu tion fa i le d .  Addition o f trace quantit ies  o f water 
also had no e f fe c t .  F in a l ly ,  we suspected tha t oxazole was an 
im purity  in the MeCN and indeed, i t  was ascertained tha t traces of 
oxazole are present in most reagent grade MeCN as a re su lt  o f the 
method of production and is extremely d i f f i c u l t  to remove.
The presence o f oxazole in the MeCN used fo r  complexation 
reactions raises an in te re s t in g  question with respect to the type of 
in te rac tions  between th is  impurity and P d(II)  which precedes 
formation of the C-Pd bond. Although oxazole is  a weak ligand 
re la t iv e  to phenanthroline, i t  is  possible tha t i t s  weak l ig a t in g  
a b i l i t y  may ass is t the formation o f the i n i t i a l  adduct by rap id ly  
complexing w ith PdClg to form a soluble complex. Once in so lu tion  a 
fa c i le  ligand exchange can be envisioned to occur followed by 
^ -m e ta l la t io n .  At present, the u t i l i t y ,  o f the PdClg/oxazole adduct 
is  being scru tin ized as a possible reagent fo r  ligand exchange 
reactions because o f i t s  s o lu b i l i t y  in a host o f organic solvents.
NMR Spectral Analys is .
The proton spectral analysis o f the free ligands 129a-c is 
re la t iv e ly  stra ightforward d isp laying the ch a ra c te r is t ic  
phenanthroline H-3,8 doublet (6 ~ 7.51), H-5,6 s ing le t (6~ 7.66), and 
H-4,7 doublet (6 '  8 .10). The a-methylene protons generally appear 
around 6 3.75 and the methine t r i p l e t  occurs in the v ic in i t y  of 6
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4.66. The ethyl ester 129b displays some degree o f  diastereotopic 
behavior with the ester methylene protons showing up as two 
overlapping quartets. In add it ion , the methyl hydrogens of the 
isopropyl ligand 129c appear as two d is t in c t  doublets which are 
fu r th e r  ind ica tive  o f the molecular dissymmetry tha t probably arises 
because o f the r ig id  phenanthroline moiety, since the same behavior is  
not observed in the analogous d ipyrid ine  ligands.
Since these ligands were capable o f forming only one C-Pd bond, 
i t  was expected that the unsymmetric nature o f  the complex would 
manifest i t s e l f  in a correspondingly complex spectrum. Indeed, two 
separate doublets appear fo r  H-3 and H-8  as well as fo r  H-4 and H-7; 
however, H-5,6 remains as a s in g le t .  A ll aromatic signals experience 
a downfield s h i f t  re la t iv e  to the free ligand; however, those protons 
(H-3, H-4) on the C-Pd bound side exh ib it  the la rges t varia tions 
( a 6=0.29 ,  0.33, respec tive ly ) . The remaining protons are sh ifted to 
a lesser extent with H- 8  ( a 6= 0 .1 4 ) ,  H -7 (a 6 = 0 . 2 6 ) , and H-5,6 
(A(5=0 .23 ).
X-Ray Structural A na lys is .
The resistance o f the phenanthroline ligands to form the 
symmetric complexes w ith  two C-Pd bonds was f i rm ly  established; 
however, the factors responsible fo r  precluding attainment o f th is  
goal were not well understood. I t  was conceivable tha t the r ig id  
phenanthroline backbone was so le ly  accountable, or possibly the s te r ic  
bulk o f  the ester groups encumbered the necessary angle o f approach by 
the incoming methine carbanion.
To establish the s tru c tu ra l features l ia b le  fo r  the observed 
complexation cha rac te r is t ics  in these phenanthroline ligands, a
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systematic X-ray s truc tu ra l analysis was undertaken in which the 
precursors to the symmetric complex were examined (Scheme XVII). The 
in te n t o f  th is  approach was to : 1 ) determine i f  any purely
132
Pd
/ \
Pd 
/  \
CH
R =CO ,M #
129
R=C02iPf
130
S c h e m e  X V I I
e le c tron ic  perturbations existed in the i n i t i a l  adduct 132; 2) 
evaluate the s te r ic  e f fe c t  o f the malonic ester substituents on the 
coordination sphere in 129 and; 3) p inpoint those regions of the 
molecule where bonding and conformational re s tra in ts  prevent 
appropriate C-Pd bonding in te rac tions  on the unbound side of 130.
The structure  o f 1 ^  is  depicted in Figures XXVIII and XXIX with 
bond lengths and angles given in  Table The geometry o f 132 is
unique in tha t the best plane o f the four donor atoms surrounding the 
metal is  acutely bent (iii=29.7°) ou t-o f- the -bes t plane of the
2 ,9-dimethyl-1,10-phenanthroline ligand. In ad d it ion , the
Cl
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Figure XXVIII. ORTEP drawing of 132.
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Figure XXIX. ORTEP drawing of 132 (side view)
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Table 2. Bond Distances and Angles for 132.
Atoms
Pd-Cll
Pd-C12
Pd-Nl
Pd-N2
Nl-Cl
N1-C5
N2-C6
N2-C10
C1-C2
C1-C13
C2-C3
C3-C4
C4-C5
C4-C11
C5-C6
C6-C7
C7-C8
C7-C12
C8-C9
C9-C10
C10-C14
stance (A) Atoms Angle (deg.)
2.283 Cll-Pd-C12 87.25
2.283 Cll-Pd-N l 170.24
2.061 Cll-Pd-N2 95.03
2.067 C12-Pd-Nl 94.98
1.323 C12-Pd-N2 167.34
1.384 Nl-Pd-N2 80.78
1.378 Pd-Nl-Cl 132.24
1.335 Pd-Nl-C5 107.17
1.413 C1-N1-C5 119.33
1.490 Pd-N2-C6 106.83
1.356 Pd-N2-C10 132.29
1.411 C6-N2-C10 118.84
1.410 N1-C1-C2 119.63
1.421 N1-C1-C13 120.55
1.413 C2-C1-C13 119.77
1.403 C1-C2-C3 122.04
1.402 C2-C2-C4 119.32
1.433 C3-C4-C5 116.44
1.348 C3-C4-C11 124.72
1.419 C5-C4-C11 118.84
1.498 N1-C5-C4 122.69
N1-C5-C6 117.20
C4-C5-C6 1 2 0 .0 2
N2-C6-C5 117.16
N2-C6-C7 122.77
C5-C6-C7 119.96
C6-C7-C8 116.97
C6-C7-C12 118.76
C8-C7-C12 124.27
C7-C8-C9 119.42
C8-C9-C10 121.77
N2-C10-C9 119.39
N2-C10-C14 120.17
C9-C10-C14 120.36
C4-C10-C12 121.23
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Table 3. Coordinates for 132.
ATOM X Y Z
PD 0 . 4 3 1 2 7 ( 2 ) 0 . 2 5 2 5 2 ( 3 ) 0 . 2 3 8 4 1 ( 1
CLl 0 . 4 7 5 5 8 ( 7 ) 0 . 2 4 7 0 ( 1 ) 0 . 3 9 5 1 0 ( 5
CL2 0 . 3 2 7 9 7 ( 7 ) 0 . 0 1 4 1 ( 1 ) 0 . 2 6 0 4 8 ( 6
N1 0 . 4 1 0 5 ( 2 ) 0 . 2 4 1 8 ( 3 ) 0 . 0 9 4 5 ( 2 )
N2 0 . 5 5 0 6 ( 2 ) 0 . 4 3 1 3 ( 3 ) 0 . 2 0 7 9 ( 2 )
Cl 0 . 3 4 2 7 ( 3 ) 0 . 1 7 3 6 ( 4 ) 0 . 0 3 5 7 ( 2 )
C2 0 . 3 7 2 4 ( 3 ) 0 . 1 3 2 5 ( 4 ) - 0 . 0 5 6 1 ( 2 )
C3 0 . 4 7 5 7 ( 3 ) 0 . 1 6 6 4 ( 4 ) - 0 . 0 8 7 6 ( 2 )
C4 0 . 5 5 4 2 ( 3 ) 0 . 2 5 3 9 ( 3 ) - 0 . 0 2 9 2 ( 2 )
C5 0 . 5 2 1 4 ( 3 ) 0 . 2 9 0 2 ( 3 ) 0 . 0 6 2 0 ( 2 )
C6 0 . 5 9 1 9 ( 2 ) 0 . 3 8 7 5 ( 3 ) 0 . 1 2 2 0 ( 2 )
C7 0 . 6 9 6 2 ( 2 ) 0 . 4 4 3 7 ( 4 ) 0 . 0 9 3 2 ( 2 )
CB 0 . 7 6 0 0 ( 3 ) 0 . 5 4 5 0 ( 4 ) 0 . 1 5 5 7 ( 3 )
C9 0 . 7 1 5 1 ( 3 ) 0 . 5 9 6 8 ( 4 ) 0 . 2 3 5 7 ( 3 )
C10 0 . 6 0 6 6 ( 3 ) 0 . 5 4 4 6 ( 4 ) 0 . 2 6 0 9 ( 2 )
C l l 0 . 6 6 1 6 ( 3 ) 0 . 3 0 8 1 ( 4 ) - 0 . 0 5 6 5 ( 2 )
C12 0 . 7 3 0 2 ( 3 ) 0 . 3 9 6 6 ( 4 ) 0 . 0 0 2 0 ( 2 )
C13 0 . 2 2 5 3 ( 3 ) 0 . 1 4 6 8 ( 5 ) 0 . 0 6 4 1 ( 2 )
C14 0 . 5 5 2 7 ( 3 ) 0 . 6 2 2 8 ( 5 ) 8 . 3 4 3 0 ( 2 )
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£d-coordination sphere is s l ig h t ly  d is to rted  toward pyramidal 
geometry; however, an increase in the bond lengths is not 
observed, and in fa c t ,  they are the same or shorter than those found 
in certa in  perfect square planar complexes. This is somewhat 
surpris ing  since optimum overlap o f the £d ^ -o rb i ta ls  w ith the N^- 
electrons is  decreased by th is  d is to r t io n .
The deviation from p la na r ity  was i n i t i a l l y  assumed to be caused
e n t i re ly  by s te r ic  in te rac tions  between the large chloro ligand and
methyl substituents. However, since the Pd-N bond lengths do not
increase as expected, on the basis of the previous argument, i t  seems
l ik e ly  tha t a lte ra t io n s  in the e lec tron ic  environment could also be
a ffec t ing  the molecular geometry. Although the previously
reported^^^ s truc tu re  o f d in i t r o ( 2 ,9 -d im ethy l-1 , 10-phenanthroline)-
pa l lad ium (II)  exh ib its  jto  abnormally large deviations from p lanar ity
(4'=2.5°) as does 1^ ,  i t  should not be in fe rred tha t the re la t iv e ly
undistorted nature is e n t i re ly  the re su lt  o f s te r ic  in te ractions
since the n i t r o  and chloro ligands are not e le c tro n ic a l ly  equivalent.
S im i la r ly ,  the s truc ture  o f d ic h lo ro (2 ,2 '-d ip y r id in e )p a l la d iu m ( I I)
has been shown to possess no unusual d is to r t io n s  from square planar
173geometry and is  esse n tia l ly  f l a t  ( i|j=0°). Thus, i t  is  c lear tha t 
the methyl-chloro in te rac tio n  is ,  in pa rt,  responsible fo r  the large 
angle ip but is  not alone s u f f ic ie n t  to explain the large d is to r t io n s .
In order to  evaluate the s te r ic  and e lec tron ic  e ffec ts  o f bromine, 
dibromo(2 ,9-d im ethyl-1,10-phenanthro line)pallad ium (II) was prepared, 
however, th is  complex was not stable and decomposed upon attempted 
c ry s ta l l iz a t io n  to give PdBr^ and 2 , 9-d im ethy l-1 , 10-phenanthroline.
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The structure  of 129a is  depicted in Figure XXX w ith bond 
lengths and angles given in Table 4. As one would expect, the bulky 
ester groups are considerably crowded by the chloro ligands and once 
again, there is  a large d is to r t io n  from p lana r ity  (^,=32.38°).
S u rp r is in g ly , th is  represents only a s l ig h t  increase over tha t found 
in 132 (ijj=29.7°) which ind icates that the malonic es te r groups are 
conformationally disposed so as to  minimize th e i r  s te r ic  in teractions 
with the chloro ligands. The previously determined structure of  the 
corresponding d ipyrid ine  complex 92 revealed a s l ig h t ly  la rger 
deviation (ijj=40°) . The close s im i la r i t ie s  between the d ipyrid ine  
and phenanthroline N-bonded complexes are supportive o f the congruent
Pd- N,
R
92
conformational environments e x is t in g  with respect to  the ester 
substituen ts .
The struc ture  of 130c is  depicted in Figure XXXI w ith bond 
lengths and angles given in Table 6 . The Pd-Nl and Pd-N2 bond 
distances are 1.956 and 2.225A, respective ly , which represent 
considerable deviations from those found in 129 (avg. 2.064A). The 
lengthening o f  the Pd-N2 bond is  p r im arily  the re s u lt  o f the strong
3
trans influence of the coordinated sp carbon as well as the s te r ic  
repulsion between the chloro ligand and the non-bonded a lk y l-e s te r  side 
chain. The Pd-Nl distance necessarily shortens as a consequence o f i t s  
o r ie n ta t io n  in the tetradenta te framework. In a d d it io n , the
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Figure XXX. ORTEP drawing of 129a.
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Table A. Bond Distances and Angles for 129a.
Atoms Distance(A)
Pd-Cll 2.294
Pd-C12 2.283
Pd-Nl 2.054
Pd-N2 2.064
Nl-Cl 1.336
N1-C12 1.374
N2-C10 1.333
N2-C11 1.369
C2-C2 1.413
C1-C13 1.504
C2-C3 1.361
C3-C4 1.407
C4-C5 1.431
C4-C12 1.398
C5-C6 1.356
C6-C7 1.435
C7-C8 1.407
C7-C11 1.408
C8-C9 1.365
C9-C10 1.414
C10-C19 1.503
C11-C12 1.427
C13-C14 1.531
C14-C15 1.517
C14-C16 1.512
C15-01 1.323
C15-02 1.189
C16-03 1.292
C16-04 1.192
C17-01 1.453
C18-03 1.450
C19-C20 1.540
C20-C21 1.520
C20-C22 1.517
C21-05 1.337
C21-06 1.181
C22-07 1.335
C22-08 1.188
C23-05 1.439
C24-07 1.442
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Table 4. Continued,
Atoms Angle (deg.) Atoms Angle (deg.)
Cll-Pd-C12 87.2 C14-C16-04 123.3
Cll-Pd-N l 170.1 03-C16-04 124.0
Cll-Pd-N2 96.4 C10-C19-C20 1 1 2 .2
C12-Pd-Nl 94.0 C19-C20-C21 1 1 2 .0
C12-Pd-N2 168.1 C19-C20-C22 109.0
Nl-Pd-N2 80.6 C21-C20-C22 109.0
Pd-Nl-Cl 133.4 C20-C21-05 109.6
Pd-Nl-C2 106.5 C20-C21-06 125.4
C1-N1-C12 118.5 05-C21-06 125.0
Pd-N2-C10 133.4 C20-C22-07 110.4
Pd-N2-Cll 106.5 C20-C22-08 125.8
C10-N2-C11 118.4 07-C22-08 123.8
N1-C1-C2 120.3 C15-01-C17 117.0
N1-C1-C13 120 .8 C16-03-C18 116.7
C2-C1-C13 118.8 C21-05-C23 115.4
C1-C2-C3 12 1 .0 C22-07-C24 117.6
C2-C3-C4 119.1
C3-C4-C5 123.9
C3-C4-C12 117.2
C5-C4-C12 118.9
C4-C5-C6 120.9
C5-C6-C7 121 .0
C6-C7-C8 124.3
C6-C7-C11 118.9
C8-C7-C11 116.8
C7-C8-C9 119.4
C8-C9-C10 120 .8
N2-C10-C9 120.9
N2-C10-C19 119.8
C9-C10-C19 119.3
N2-C11-C7 123.3
N2-C11-C12 117.1
C7-C11-C12 119.4
N1-C12-C4 122.9
N1-C12-C11 116.4
C4-C12-C1I 120.5
C1-C13-C14 115.0
C13-C14-C15 109.4
C13-C14-C16 113.9
C15-C14-C16 107.4
C14-C15-01 111 .1
C14-C15-02 125.4
01-C15-02 123.5
C14-C15-03 112 .6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
122
Table 5. Coordinates for 129a.
Atom _X Y_ Z
Pd 0.0997 0.2512 0.3203
C ll 0.1471 0.0717 0.3892
Cl 2 0.3603 0.2735 0.2865
N1 0.0670 0.4304 0.2800
N2 -0.1162 0.2670 0.3691
Cl 0.1325 0.5040 0.2216
C2 0.1358 0.6436 0.2300
C3 0.0728 0.7058 0.2972
C4 -0.0128 0.6275 0.3532
C5 -0.1027 0.6800 0.4180
C5 -0.2077 0.5966 0.4613
C7 -0.2136 0.4537 0.4453
C8 -0.3192 0.3604 0.4838
C9 -0.3290 0.2262 0.4595
CIO -0.2277 0.1803 0.4002
C ll -0.1147 0.4011 0.3877
C12 -0.0149 0.4895 0.3401
C13 0.1986 0.4395 0.1443
C14 0.0877 0.3114 0.0944
CIS 0.1681 0.2585 0.0179
C16 -0.0788 0.3313 0.0571
C17 0.1496 0.0761 -0.0945
C18 -0.3446 0.3407 0.0845
C19 -0.2471 0.0320 0.3717
C20 -0.4208 -0.0320 0.3264
C21 -0.5000 0 .0 1 2 2 0.2364
C22 -0.4403 -0.1836 0.3155
C23 -0.6568 - 0 .0 1 2 2 0.1142
C24 -0.3861 -0.3687 0.2238
01 0.0908 0.1363 -0.0173
02 0.2881 0.3158 -0.0064
03 -0.1791 0.3289 0.1150
04 -0.1155 0.3398 -0.0188
05 -0.6056 -0.0491 0.1988
06 -0.3647 0.0893 0.2044
07 -0.3657 -0.2256 0.2485
08 -0.5114 -0.2566 0.3595
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Figure XXXI. ORTEP drawing of 130c.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
124
Table 6. Bond Distances and Angles for 130c.
Atoms Distance .  A) Atoms Distance (A)
Pd-Cl 2.286 3) C4-C5 1.407(l3)
Pd-Nl 1.956 7) C4-C11 1.439(14)
Pd-N2 2.225 7) 05-06 1.413(13)
Pd-C14 2.089 1 0 ) 06-07 1.398(12)
01-C17 1.173 1 1 ) 07-08 1.393(15)
02-C17 1.318 1 2 ) 07-012 1.445(13)
02-C19 1.447 13) 08-09 1.358(14)
03-CI8 1 .2 2 0 12 ) 09-010 1.404(13)
04-C18 1.276 1 1 ) . 010-013 1.490(13)
04-C22 1.473 13) 011-012 1.332(15)
05-C25 1.185 1 1 ) 013-014 1.557(13)
06-025 1.345 1 2 ) 014-025 1.529(12)
06-026 1.445 1 2 ) 014-029 1.478(13)
07-029 1.209 1 1 ) 015-016 1.546(13)
08-029 1.307 1 2 ) 016-017 1.515(14)
08-030 1.439 14) 016-018 1.524(13)
M -06 1.370 1 2 ) 019-020 1.46(2)
Nl-OlO 1.336 1 2 ) 019-021 1.49(2)
N2-01 1.331 1 2 ) 022-023 1.49(2)
N2-05 1.387 1 1 ) 022-024 1.42(2)
0 1 - 0 2 1.423 13) 026-027 1.43(2)
01-015 1.507 13) 026-028 1.44(2)
02-03 1.343 14) 030-031 1.46(2)
03-04 1.393 14) 030-032 1.32(3)
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Atoms Angle (d e g . ) Atoms Angle (deg.,_
C l- P d-N l 175. 6 2 ) C4-C11-C12 1 2 2 . 8 9)
C l - Pd-N2 104. 7 2 ) C7-C12-C11 1 2 0 . 7 9)
C1- Pd-C14 94. 3 3) C10-C13-C14 1 1 1 . 9 9)
N l - Pd-N2 79. 2 3) Pd-C14-C13 105. 6 5)
N l- Pd-C14 82. 1 3) Pd-C14-C25 1 1 0 . 8 5)
N2- Pd-C14 160. 1 3) Pd-C14-C29 1 0 1 . 4
Pd- N1-C6 118. 4 5) C13-C14-C25 1 1 0 . 8 8 )
Pd- N l-C lO 1 2 0 . 3 5) C13-C14-C29 1 1 1 . 2 8 )
C6 - N l-C lO 1 2 1 . 2 8 ) C25-C14-C29 116. 1 8 )
Pd- N2-C1 134. 0 5) C1-C15-C16 109. 0 7)
Pd- N2-C5 107. 8 5) C15-C16-C17 113. 5 8 )
C l - N2-C5 118. 2 B) C15-C16-C18 109. 8 8 )
C17 -02 -C 19 119. 7 9) C17-C16-C18 108. 3 8 )
C18 -04-C 22 118. 9 1 0 ) 01-C17-02 125. 1 1 0 )
C25 -06-C 26 117. 7 8 ) 01-C17-C16 126. 0 1 0 )
C29 -08-C 30 119. 5 8 ) 02-C17-C16 108. 9 8 )
N2- C1-C2 1 2 0 . 5 9) 03 -018-04 124. 6 1 0 )
N2- C1-C15 1 2 0 . 0 8 ) 0 3 -01 8 -0 16 1 2 1 . 8 1 0 )
C2- C1-C15 119. 5 9) 04 -018-016 113. 6 1 0 )
C l - C2-C3 1 2 1 . 1 1 0 ) 0 2 -0 1 9 -0 2 0 109. 3 1 1 )
C2- C3-C4 1 2 0 . 4 9) 02 -019-021 105. 9 13)
C3- C4-C5 116. 7 9) 020-019-021 1 1 2 . 5 13)
C3- C4-C11 125. 4 9) 04 -02 2 -0 23 107. 1 1 1 )
C5- C4-C11 117. 9 9) 04 -0 2 2 -0 2 4 108. 5 1 1 )
N2- C5-C4 123. 1 9) 023-022-024 115. 4 1 2 )
N2- C5-C6 118. 2 B) 05 -02 5 -0 6 123. 9 9)
C4- C5-C6 118. 6 8 ) 0 5 -0 2 5 -0 1 4 125. 7 9)
N l - C6-C5 116. 1 B) 06 -0 2 5 -0 1 4 1 1 0 . 2 8 )
N l - C6-C7 1 2 0 . 8 9) 06 -02 6 -0 27 108. 9 1 1 )
C5- C6-C7 123. 1 9) 06 -0 2 6 -0 2 8 108. 7 1 2 )
C6 - C7-C8 117. 2 9) 02 7 -0 2 6 -0 2 8 1 1 1 . 7 15)
C6 - C7-C12 116. 8 1 0 ) 0 7 -0 2 9 -0 8 123. 4 1 0 )
C8 - C7-C12 126. 1 9) 0 7 -0 2 9 -0 1 4 1 2 1 . 7 9)
C7- C8-C9 1 2 1 . 7 9) 0 8 -0 2 9 -0 1 4 114. 8 8 )
C8 - C9-C10 119. 3 1 0 ) 0 8 -03 0 -0 31 107. 8 1 2 )
N l - C10-C9 119. 9 9) 08 -0 3 0 -0 3 2 1 1 2 ( 2
N l- C10-C13 1 1 2 . 6 8 ) 03 1 -0 3 0 -0 3 2 1 1 0 ( 2
C9- C10-C13 127. 4 1 0 )
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Table 7. Coordinates for 130c.
Atom X y z
Pd 0 . 1 8 3 6 4 ( 6 ) 0 . 1 4 2 9 6 ( 5 ) 0 . 2 1 2 4 2 ( 3 )
CL - 0 . 0 1 7 0 ( 2 ) 0 . 3 3 3 7 ( 2 ) 0 . 2 6 1 2 ( 1 )
01 - 0 . 0 2 4 6 ( 4 ) 0 . 4 5 5 8 ( 5 ) 0 . 4 1 7 6 ( 3 )
02 0 . 1 4 4 7 ( 5 ) 0 . 5 5 9 2 ( 5 ) 0 . 3 6 6 5 ( 3 )
03 0 . 3 4 1 2 ( 5 ) 0 . 2 3 0 6 ( 7 ) 0 . 4 7 9 8 ( 3 )
04 0 . 4 7 5 6 ( 4 ) 0 . 3 0 5 3 ( 5 ) 0 . 3 8 9 0 ( 2 )
05 - 0 . 1 3 6 0 ( 6 ) 0 . 4 0 7 1 ( 5 ) 0 . 0 9 9 4 ( 3 )
06 - 0 . 1 1 5 8 ( 4 ) 0 . 1 7 4 9 ( 5 ) 0 . 1 4 4 3 ( 3 )
07 0 . 3 2 2 2 ( 5 ) 0 . 2 9 3 2 ( 6 ) 0 . 0 5 7 2 ( 3 )
08 0 . 1 2 2 1 ( 5 ) 0 . 4 5 9 2 ( 5 ) 0 . 1 1 2 6 ( 3 )
N1 0 . 3 4 4 5 ( 5 ) - 0 . 0 1 9 6 ( 5 ) 0 . 1 6 6 1 ( 3 )
N2 0 . 3 2 9 7 ( 4 ) 0 . 0 1 7 5 ( 5 ) 0 . 2 9 3 4 ( 2 )
Cl 0 . 3 2 1 6 ( 5 ) 0 . 0 3 5 6 ( 5 ) 0 . 3 5 6 9 ( 3 )
C2 0 . 4 4 0 6 ( 7 ) - 0 . 0 6 2 3 ( 8 ) 0 . 3 9 5 8 ( 4 )
C3 0 . 5 6 3 4 ( 6 ) - 0 . 1 7 4 4 ( 7 ) 0 . 3 6 9 6 ( 3 )
C4 0 . 5 7 6 7 ( 6 ) - 0 . 1 9 7 5 ( 6 ) 0 . 3 0 3 4 ( 4 )
C5 0 . 4 5 5 6 ( 6 ) - 0 . 0 9 9 8 ( 6 ) 0 . 2 6 6 9 ( 3 )
C6 0 . 4 6 4 9 ( 6 ) - 0 . 1 1 8 6 ( 5 ) 0 . 1 9 9 4 ( 3 )
C7 0 . 5 8 7 6 ( 7 ) - 0 . 2 3 1 7 ( 7 ) 0 . 1 6 7 3 ( 4 )
CB 0 . 5 8 1 4 ( 6 ) - 0 . 2 3 8 4 ( 6 ) 0 . 1 0 0 8 ( 4 )
C9 0 . 4 6 2 4 ( 8 ) - 0 . 1 3 8 7 ( 8 ) 0 . 0 6 8 0 ( 4 )
cie 0 . 3 4 0 4 ( 6 ) - 0 . 0 2 8 3 ( 5 ) 0 . 1 0 2 3 ( 3 )
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Table 7. Continued.
Atom X y z
C l l 0.704SC 7) - 0 . 3 1 0 5 ( 6) 0 . 2 6 9 4 ( 4 )
C I 2 0.7092C 6) - 0 . 3 3 0 7 ( 6 ) 0 . 2 0 6 5 ( 4 )
C13 0 . 1935C B) 0 . 0 8 1 1( 7) 0 . 0 7 7 4 ( 4 )
C14 0 . 1 1 8 2 ( 6) 0 . 2 1 9 9 ( 6) 0 . 1 1 6 5 ( 4 )
CIS 0 . IBBBC 7) 0 . 1636( 8) 0 . 3 8 7 3 ( 4 )
C16 0 . 2 3 5 8 ( 6 ) 0 . 3 0 1 4 ( 6) 0 . 3 7 5 5 ( 3 )
C17 0 . 0 9 9 7 ( 7) 0 . 4 4 5 7 ( 8) 0 . 3 8 9 4 ( 4 )
cie 0 . 3 5 7 6 ( 6) 0 . 2 7 6 1 ( 7) 0 . 4 2 0 2 ( 3 )
CIS 0 . 0 4 0 9 ( 8) 0 . 7 0 8 8 ( 7) 0 . 3 8 0 0 ( 5 )
C20 0 . 1 0 4 5 ( 1 1 ) 0 . 7 5 9 3 ( 1 0 ) 0 . 4 2 5 9 ( 5 )
C21 0 . 0 2 9 4 ( 1 3 ) 0 . 8 0 3 3 ( 1 0 ) 0 . 3 1 3 5 ( 6 )
C22 B .5 9 4 7 ( 8) 0 . 2 9 8 8 ( 1 0 ) 0 . 4 2 7 5 ( 4 )
C23 0 . 7 3 2 3 ( 8) 0 . 1589( 9) 0 . 4 1 5 5 ( 5 )
C24 0 . 6 2 3 9 ( 9) 0 . 4 3 3 6 ( 9) 0 . 4 0 8 7 ( 7 )
C25 - 0 . 0 5 9 5 ( 6) 0 . 2 B 3 5 ( 6) 0 . 1 1 9 9 ( 3 )
C26 - 0 . 2 B 1 4 ( 7) 0 . 2 1 2 9 ( 8) 0 . 1 4 6 8 ( 5 )
C27 - 0 . 3 0 3 8 ( 1 1 ) 0 . 1 1 2 9 ( 1 3 ) 0 . 1 1 1 5 ( 7 )
C28 - 0 . 3 5 0 6 ( 1 0 ) 0 . 2 0 3 6 ( 1 6 ) 0 . 2 1 6 0 ( 6 )
C29 0.1962C 6) 0 . 3 2 7 9 ( 7) 0 . 0 9 1 7 ( 3 )
C30 0 . 1 9 3 5 ( 9) 0 . 5 6 8 8 ( 9) 0 . 0 9 6 1 ( 5 )
C31 0 . 0 7 2 2 ( 1 1 ) 0 .7 143C 9) 0 . 0 7 9 9 ( 7 )
C32 0 . 2 6 0 8 ( 1 5 ) 0 . 5 7 3 6 ( 1 4 ) 0 . 1 4 5 9 ( 9 )
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Figure XXXII
presence of the C-Pd bond a l lev ia tes  the m a jo r ity  o f the s te r ic  
repulsion observed in  the previous complexes since one o f the chloro 
ligands has been displaced (4^3.40).
In order to c le a r ly  i l lu s t r a te  the major differences in 
re a c t iv i ty  between the phenanthroline and d ipy r id ine  ligands w ith  
respect to complexation, i t  is  necessary to  examine closely the bond 
angles in SI  and I M  (Figure XXXII). The bond angles w ith in  the 
cyclometallated rings o f  the two complexes are essen tia lly  the same, 
however, s ig n i f ic a n t  differences e x is t  in  the bond angles across the 
pyridine ring linkages. In the d ip y r id in e  complex, these angles are 
125.9° and 126.7° w ith a d is t in c t  inward t i l t  o f the pyrid ine rings 
toward the palladium nucleus. The corresponding angles in the 
phenanthroline complex are 123.1° on the Pd-C side and 118.6° on the 
non-bonded side as compared to an average value o f 120 . 0 ° in adduct 
129. I t  is  evident th a t the s l ig h t ly  augmented angle on the C-Pd 
bound side o f enables the in c ip ie n t  methine carbon to achieve
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the necessary contact distance fo r  £ -m eta lla tion  to occur. However, 
i t  is  th is  same aberration which compels the symmetry related angle 
to decrease in a compensatory manner since molecular d is to r t io n s  are 
transmitted through the C5-C6 ring fusion.
Experimental Section.
General comments are given in  Chapter 2. A l l  X-ray 
s tru c tu ra l determinations were conducted by Dr. Frank R. Fronczek of 
Louisiana State U n ivers ity . The X-ray s ing le  crys ta l data were 
obtained on an Enraf-Nonius CAD4 d iffrac tom ete r equipped with MoKa 
rad ia t ion  and a graphite monochromator, employing w-2e scans of 
variab le  speed designed to measure a l l  s ig n i f ic a n t  re f lec t ions  w ith 
equal re la t iv e  p rec is ion . One hemisphere o f data was collected fo r  
each t r i c l i n i c  c rys ta l w ith in  the specified angular l im i ts .  Data 
reductions included corrections fo r  background, Lorentz, and 
po la r iza t ion  e ffec ts  as well as an empirical absorption correction 
based upon ip scans o f  re f le c t io n s  near \=9Q°: Structures were solved
by heavy atom methods, and refinement was conducted by f u l l  matrix 
least squares based upon F, w ith data fo r  which I> lo ( I )  or I> 3 a ( I) ,  
using the Enraf-Nonius SDP programs.
General Preparation o f Ligands (128a-c). A mixture of d ia lky l 
malonate (4 e q u iv .) ,  2 ,9- b is (ch lorom ethyl)-l,10-phenanthroline (1 
e q u iv .) ,  and anhydrous K^ CO^  (4 equiv.) in  p u r i f ie d  DMF (50mL) was 
s t i r re d  at 25°C fo r  24 hours. The mixture was f i l t e r e d  and 
concentrated in vacuo to give a l ig h t  yellow viscous o i l ,  which was 
passed through a short s i l i c a  gel column e lu t in g  with CH2CI2 ' con­
centrated in vacuo, and c ry s ta l l iz e d  to generate the desired product.
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Dimethyl a ,a '-b is(methoxycarbony1)[l,10-phenanthro line]-2 ,9- 
dipropanoate (128a) is a white c ry s ta l l in e  so lid  (CHgClg/CgH^g):
100%; mp 120-122°C; NMR 6 3.75 (s, CH^, 12H), 3.75 (d, phenCH^,
J=7.6Hz, 4H), 4.66 [ t ,  CHXCOgMe) ,^ J=7.6Hz, 2H], 7.51 (d, 3,8-phenH,
J=8 . 6Hz, 2H), 7.66 (s, 5,6-phenH, 2H), 8.10 (d, 4,7-phenH, J=8 . 6Hz,
2H); NMR 6 37.2 (CH^), 50.7 [CHfCOgMejg], 52.4 123.3
(C3,8), 125.8 (C5,6), 127.4 (C4a,b), 136.3 (C4,7), 145.5 (C10a,b),
158.1 (C2,9), 170.0 (C=0); IR (KBr) 2950, 1720, 1610, 1595, 1540,
1485, 1430, 1335, 1220, 1010, 950, 850cm"^ MS m/e 469 (M^+1, 8 ) ,  468 
(M+, 27), 437 (22), 409 ( m ) ,  345 (87), 233 (61), 59 (98); Anal.
Calcd. fo r  C24H2^N20g: C, 61.57; H, 5.13; N, 5.98. Found: C,
61,21; H, 5.31; N, 5.77.
D iethyl a ,q '-b is (e thoxycarbony l)[1 ,10-phenanthro line ]-2 ,9- 
dipropanoate (128b) is generated as white crysta ls  (CHgClg/CgH^g):
100%; mp 79-82°C; NMR 6 1.22 ( t ,  CHgCHg, J=7.3Hz, 12H), 3.74 (d, 
phenCHg, J=7.6Hz, 4H), 4.21 (q, CH^CH^, J=7.3Hz, 8H)', 4.58 [ t ,
CH(C0 2 E t)2 , J=7.6Hz, 2H], 7.53 (d, 3,8-phenH, J=8.5Hz, 2H), 7.67 (s,
5,6-phenH, 2H), 8.11 (d, 4,7-phenH, J=8.5Hz, 2H); IR (KBr) 2940,
1715 (0=0), 1600, 1580, 1480, 1355, 1250cm"^ MS m/e 525 (M^+1, 6 ),
524 (M+, 19), 480 (8 ), 479 (29), 451 (79), 359 (61), 233 (100), 219 
(63); Anal. Calcd. fo r  ^28^32^2^8' ^4.11; H, 6.15; N, 5.34.
Found: C, 63.99; H, 5.94; N, 5.20.
Di isopropyl a ,a '-b is ( isopropoxycarbony l)[1 , 10-phenanthroline]- 
2 , 9 ,-dipropanoate (128c) is  formed as pale yellow c rys ta ls  (CF^Clg/
CgH.2 ): 61%; mp 115-116°C; ^H NMR 6 1.18, 1.23 [2d, €8 ( 0 8 3 )2 , ^=^.3,
6.3Hz, 24H)], 3.72 (d, phenCH2 , J=7.9Hz, 48), 4.44 [ t ,  0H(002 i - p r ) 2 ,
J=7.9Hz, 28], 5.04 [sep, €8 (0 8 3 )2 , J=6.38z, 4 8 )] ,  7.54 (d, 3,8-phenH,
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J=8.5Hz, 2H), 7.70 (s, 5,6-phenH, 2H), 8.12 (d, 4,7-phenH, J=8.5Hz,
2H); IR (KBr) 2965, 2920, 1715 (0=0), 1600, 1580, 1480, 1355cm"^ MS 
m/e 582 (M++2, 1), 581 (M^+1, 2 ), 580 (M+, 6 ) ,  234 (35), 233 (95),
231 (44), 43 (100); Anal. Calcd. fo r  CggH^QNgOg: 0, 66.20; H, 6.94;
N, 4.83. Found: C, 65.95; H, 7.02; N, 4.93.
D ich lo ro (2 ,9-dimethy1 -1 ,10-phenanthroline)palladium(II) (132). To 
a CHgCN so lu tion  (25mL) o f PdClg (Immol) was added 2,9-d im ethyl- 
1 ,10-phenanthrol ine ( ^ )  (Immol) dissolved in CH^ ON (5mL). The 
so lu tion  was warmed to  50°C fo r  2 hours. The resu ltan t p re c ip ita te  
was f i l t e r e d ,  washed w ith CH^ CN, and dried j_n vacuo to give a dark 
orange so lid  which was re c rys ta l l ize d  from DMF: 95%; mp 240 (dec.).
Crystal data: 2 ’ (mw=385.6; monoclinic; space group
P2j/n); a = l l . 923(3), b=7.917(2), c=14.317(3)A; 6=92.43(2)°; Z=4, 
d^=1.897(gcm~^); y(MoKa) 9.7cm~^; unique re f le c t io n s  = 2372 [F>3o(F)], 
R=0.019; 1<0<25.
Dichloro[dimethyl a ,a ' -bis(methoxycarbonyl) ( 1 ,10-phenanthroline- 
2 ,9 -d ipropanoate ]pa llad ium (II) (129a) was prepared from 128a and 
PdClg in  a fashion s im i la r  to JJ2. The crude residue was passed 
through a short s i l i c a  gel column e lu t in g  w ith CHgClg p r io r  to 
c ry s ta l l iz a t io n  from CH^Clg/CgH^g: 100%; mp 212°C (dec .);  ^H NMR 6
3.70 (s, CHg, 12H), 4.36 (d, phenCH^, J=7.6Hz, 4H), 4.85 [ t ,
CH(COgMe)p, J=7.6Hz, 2H], 7.62 (d, 3,8-phenH, J=8.3Hz, 2H), 7.88 (s,
5,6-phenH, 2H), 8.38 (d, 4,7-phenH, 2H); ^^C NMR <5 36.9 (CH^), 51.5 
[CH(C02Me)2 ] ,  52.6 (CH^), 126.7 (C5,6), 127.3 (C3,8), 128.6 (C4a,b),
139.6 (C4,7), 147.9 (C10a,b), 166.2 (C2,9), 168.6(0=0); IR (KBr)
2950, 1720 (C=0), 1490, 1425, 1225, 1105, 855cm"^ MS m/e 470 (1),
469 (8 ) ,  468 (28), 437 (18), 410 (28), 351 (44), 345 (49), 52 (39),
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50 (100), 44 (90); Anal. Calcd. fo r  Cg^Hg^NgOgPdClg: C, 44.64; H,
3.75; N, 4.34. Found: C, 44.39; H, 3.92; N, 4.29.
Crystal data: mw=645.8; t r i c l i n i c ;  space group PI; 3^=8.408(1),
b=10.222(1), c=15.402(2)A; a=96.45(l)°, 6=96.26(1)°, y=100.56(l)°; Z=2, 
d^=1.673(gcm"^), y(MoKa) 17.3cm'^; unique re f le c t io n s  = 5327[F>3a(F)], 
R=0.033; 1<6<25.
General Preparation o f Carbon-Palladium Bonded Phenanthroline 
Complexes (130a-c). A mixture o f NagPdCl^ or PdCl^ (1.5 equiv.) and 
the designated ligand (1.0 equiv.) in anhydrous CH^ CN was s t i r re d  fo r  
1 hour at 50°C. Anhydrous KgCO^  (3.0 equ iv .)  was added and the 
reaction mixture s t i r r e d  fo r  24 hours at 50°C. The heterogeneous 
mixture was f i l t e r e d  through Celite  and concentrated, to give a 
residue which was passed through a short s i l i c a  gel column (e lu t in g  
w ith CHgClg) and concentrated in vacuo to give the product, which was 
recrysta l 1 ized.
Chioro<2~methoxy-1 - (wethoxycarbonyl) - ! - [ [ 9-[3-methoxy-2- 
(methoxycarbonyl ) -3 -oxo propy l] [ l ,10 -phenan th ro l ine ]-2 -y l]m e thy l]-2 - 
oxoethyl-C,N,N'>palladium (l30a) as yellow c rys ta ls  (CHgClg/CgH^g):
50%, mp 120-122° (d e c .) ;  NMR 6 3.70, 3.84 (2s, CH^, 12H), 3.86 (s , 
phenCHg), 4.11 (d, phenCH^, J=8.0Hz, 2H), 4.39 [ t ,  CH^COgMe),,
J=8.0Hz, IH ], 7.65 (d , 8 -phenH, J=6.5Hz, IH), 7.80 (d, 3-phenH,
J=6.5Hz, IH), 7.89 (s ,  5,6-phenH, 2H), 8.36 (d, 7-phenH, J=6.5Hz,
IH), 8.43 (d, 4-phenH, J=6.5Hz, IH); ^^C NMR 6 36.5 (CH^), 4.51 
[CH(C02Me)g], 48.5 (CH^), 51.9 (ÇH3 ) ,  52.3 (ÇH3 ) ,  52.7 [ÇXCOgMe)^],
122.0 (C8 ), 125.8 (C6 ) ,  126.6 (C5), 127.2 (C4b), 128.2 (C3) 128.4 
(C4a), 137.1 (C7), 138.2 (C4), 143.4 (ClOb), 146.5 (ClOa), 164.3 
(C2), 168.7 (C9), 169.8 (C=0), 174.4 (C=0); IR (Csl) 3067, 1732
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(C=0), 1686, 1624, 1529, 1432, 1376, 490, 480 (Pd-N), 415, 395 
(Pd-C), 342, 320 (Pd-Cl)cm"^ MS m/e 466 (3 ), 436 (3 ) ,  435 (9 ), 434 
(4), 422 (25), 407 (28), 375 (93), 349 (54), 317 (100), 44 (6 6 );
Anal. Calcd. fo r  C^^HggNgOgPdCT: C, 47.24; H, 3.96; N, 4.59. Found:
C, 47.11; H, 4.01; N, 4.52.
Ch1oro<2-ethoxy-l-(ethoxycarbony1 ) - l- [ [9 - [3 -e th o xy -2 -(e th o xy -  
carbonyl)-3-oxopropyl][1 ,10-phenanthro lin e J -2 -y l] -m ethy l]-2-oxoethy l- 
C,N,N'>palladium (130b) as yellow crys ta ls  (CHgClg/CgH^g): 50%; mp
194-195°C (dec .) ;  NMR ô 1.15, 1.31 (2 t ,  CH^CH ,^ J=6.7Hz, 12H),
3.79 (s , phenCHg, 2H), 4.01 (d, phenCH^, J=7.3Hz, 2H), 4.09, 4.25 
(2q, CHgCH^, J=6.7Hz, 8 H), 4 .3 4 [ t ,  CHXCOgEt)^, J=7.3Hz, IH ], 7.56 (d,
8 -phenH, J=8.5Hz, IH), 7.74 (d, 3-phenH, 0=8.5Hz, IH), 7.85 (s,
5.6-phenH, 2H), 8.33 (d, 7-phenH, 0=8.5Hz, IH), 8.38 (d, 4-phenH,
0=8.5Hz, IH ); IR (KBr) 1720 (C=0) cm"^ MS m/e 631 (1 ), 630 (1 ), 629 
(1), 478 (31), 477 (24), 449 (24), 403 (58), 386 (47), 331 (50), 257 
(41), 233 (48), 232 (61), 231 (100); Anal. Calcd. fo r  CggH^^NgOgPdCl:
C, 50.54; H, 4.70; N, 4.21 Found: C, 50.05, H, 4.86; N, 4.59.
Ch10 ro<2-(1-methy1 e th o x y ) - l - ( (1-methyl ethoxy)carbonyl) - l - [ [ 9 - [ 3 - ( l -  
methy1 ethoxy ) - 2 - ( ( 1-methyl ethoxy)carbonyl) -3-oxopropy 1 ] [ 1 , 10- 
phenanthrol in e ]-2 -y l ]methyl ]-2-oxoethyl-C,N,N ' >pal ladium (130c) as 
yellow c rys ta ls  (CHgClg/CgH^g): 8 6 %; 88-92%; NMR ô 1.14, 1.19
[2d, CH(CH2 ) 2 , 0=6.IHz, 12H], 1.28, 1.35 [2d, CH(CHg)g, 0=6.IHz,
12H], 3.81 (s , phenCHg, 2H), 4.10 (d, phenCHg, 0=8.OHz, 2H), 4.43 [ t ,  
CH(C0 2 i - p r ) 2 , 0=8.OHz, IH ) ] ,  4.98, 5.13 [sep, CH^CHgjg, 0=6.IHz, 4H), 
7.67 (d, 8 -phen]l, 0=8.5Hz, IH), 7.79 (d, 3-phenH, 0=8.5Hz, IH), 7.86 (s,
5 .6 -pheniH, 2H), 8.31 (d, 7-phenol, 0=7.9Hz, IH), 8.37 (d, 4-phenJ],
0=7.9Hz, IH ); IR (KBr) 2985, 1715, (C=0), 1590, 1495, 1460, 1370,
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1265cm'l; MS m/e 684 (2), 520 (22), 519 (22), 518 (18), 491 (26),
232 (6 8 ), 231 (72) 229 (89), 43 (100); Anal. Calcd. fo r  CggHggNgOgPdCl:
C, 53.27; H, 5.41; N, 3.88. Found: C, 53.66; H, 5.63; N, 3.79.
Crystal data: C.gHggNgOgPdCl; mw=721.5; t r i c l i n i c ;  space group
PÎ; a = 9 .4 2 5 ( 2 ) ,  b=9 .8 1 1 ( 2 ) ,  c = 2 0 .5 1 0 (5 )A ;a = 7 8 .9 2 (2 ) ° ,  6=78.48(2)° ,  
Y = 6 6 .5 7 (2 ) ° ;  Z=2, d^=1.416(gcm"^), y(MoKa) 17.3cm"^; unique re f le c t io n s  
= 4410 [ I > 3 o ( I ) ] ,  R=0.041; l<e<22.5.
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Chapter 6 . The Synthesis and Characterization o f  M eta llocyc iic  Pd(II) 
Complexes Possessing 6 - and 7 -Membered Chelate Rings.
In troduction .
The complexation studies described in Chapter 5 conclusively 
ind ica te  tha t the 5-5-5 b is  C-Pd bonded phenanthroline complex can not 
be prepared because the r ig id  phenanthroline backbone is incapable o f 
conforming to the necessary angle d is to rt ion s  which would permit 
s u f f ic ie n t  overlap fo r  bonding to occur on both sides of the molecule. 
The obvious solution to  th is  problem was a simple one carbon 
homologation of the 2 ,9 -a lky l substituents, which would introduce the 
necessary f l e x i b i l i t y  to  promote a sound Pd-C bonding in te rac tion .
In addition to side chain homologation, the d ipy r id ine  ligand 
system o ffe rs  an a lte rna te  avenue of synthetic manipulation via 
in se r t io n  o f an ethano or carbonyl bridging u n it  between the two 
he terocyc lic  rings at the 2 and 2' positions. Thus, three new 
ligands were generated having the potentia l to form bis C-Pd 
complexes possessing a 6*5*5, 5-7-5,  and 5*6*5 fused t r i c y c l i c  ring 
system. This type o f  augmentation in overall length and m ob il i ty  of  
the substituents is essentia l fo r  enabling the l ig a t in g  atoms to 
adopt variable geometries around the t ra n s it io n  metal core.
Synthetic Aspects.
Synthesis of the 6*5*6 phenanthroline ligand 133 was 
accomplished by generating the anion of 1 , 1 , 2 , 2 -tetracarbomethoxy- 
ethane^^^ (139) with NaH in  THF followed by the add it ion  o f 2,9-b is - 
(ch lorom ethyl)- l,10-phenanthro line 108. The desired product was 
iso la ted  (> 80%) without extensive chromatographic procedures and
135
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c ry s ta l l iz e d .  In con trast, the most e f f ic ie n t  method fo r  preparation of 
the analogous d ipy r id ine  ligand 134 is  by the standard KgCOg/DMF 
procedure. Complexation was subsequently carried out using PdCl^ and 
anhydrous K^ CO^  in CH^ CN (Scheme X V II I ) .  Unfortunate ly, only the single 
C-Pd bonded species was obtained fo r  both the phenanthroline and
PdCI
,N0
135 136133
106
82
134
S c h e m e  X V I I I
137 138
K,CO
R
d ip y r id ine  ligands. As before, repeated attempts a t coaxing formation 
o f the second C-Pd bond via the addition of AgNOg were unsuccessful.
The 5 . 7 . 5  ligand 1 ^  was prepared in a fashion s im ila r  to tha t 
ou tlined fo r  the 5.5.5 d ipy r id ine  analog which included a stepwise 
fun c t io n a liza t io n  o f the a-methyl g r o u p s . A c c o r d i n g l y ,  treatment 
of 1 ,2 -b is(6 -m ethy l-2 -pyr idy1)-1,2-ethylene 140 w ith peracetic acid 
gave the bis-N-oxide 141 which underwent smooth rearrangement with 
acetic anhydride to a ffo rd  the d ies te r 142. Following transester-
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i f i c a t io n  w ith  absolute EtOH and anhydrous KgCO ,^ the ethylene bridge 
was c a ta ly t ic a l ly  hydrogenated using PtO^ to give (60%) d io l 144. 
Subsequent halogénation w ith th io n y l ch loride afforded the 
b is(ch lorom ethy l) de r iva t ive , which was immediately transformed into 
the desired ligand 146 vja_ treatment with dimethyl malonate and KgCO^  
in DMF (Scheme XIX).
AcOH
H,0
CH, °  °  CHj
141 142
K2CO3 EtOH
SOCI
HOOHHOOH
145
DMF XHgCfCOgCH; 
K3CO3 \
PdClg/M eCN
K,CO.
Pd
RRR R
146 147
S c h e m e  X I X
Preparation o f the bjs C-Pd bonded complex 147 was read ily  
accomplished (85%) under standard conditions^^^ (PdClg/CHgCN/KgCOg). 
Unlike the phenanthroline and d ipy r id ine  models, cyc lom eta lla tion
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was extremely rapid and complete in one hour w ith or without the 
addition o f AgNO^. Numerous attempts at is o la t in g  the mono-metallated 
species were f r u i t le s s  owing to the fa c i le  nature o f the complexation 
reaction. In add it ion , 147 was unusually re s is tan t to decomposition as 
evidenced by i t s  s t a b i l i t y  (3 weeks) in aqueous a lcoho lic  so lu tions. 
Under these iden tica l conditions, the 5-5-5 d ipy r id ine  and 
phenanthroline cyclopalladated complexes showed a high percentage of 
decomposition.
Insertion o f a carbonyl between the two pyrid ine rings allowed 
access to the 5.6.5 t r i c y c l i c  te tradentate complex 1 ^ .  The ligand was 
synthesized s ta r t in g  from 2-bromo-6 -methylpyridine H5 by l i th iu m - 
halogen exchange (n-BuLi) in THF at low temperature (-90°C) followed by
a double add it ion -é l im ina tion  of the l i th io p ic o l in e  on
ethyl chloroformate. The b is - 2 - [ 5 -(methylpyridyl)ketone ketone ( 148) 
was transformed in moderate y ie ld  to the symmetrical b is - 2- [ 6 -(bromo- 
methyl ) pyridy l ] ketone ( 1 ^ )  via NBS. Treatment of 1 ^  w ith d ie thy l 
malonate in K^CO /^DMP gave ( 10%) the desired ligand The te trae s te r
ligand was treated w ith PdCl2 *(CgHgCN)2  and NaOEt in dry THF to give the
dimetallated 5.6.5 complex 151 (Scheme XX).
NBSn-buLi
CICOgEI
CHCH115
149KgCO 
DMF/HzC (COzEOz
148
S c h e m e  X X
NaOEf/THF
151 150
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The procedures were not optimized and no fu r th e r  synthetic 
modifications were made to the complexation procedure due to the 
in s ta b i l i t y  o f the bromomethyl intermediate, which hampered 
preparation o f the ligand.
Results and Discussion.
Although 6*5»6 ligands and IM  were prepared in high y ie ld ,  
i t  was not possible to apply the standard KgCO^ /OMF procedure to both 
heteroaromatic systems. This approach worked well fo r  the d ip y r id in e  
de riva tive  but gave low y ie lds  in the case o f phenanthroline along 
w ith a host o f cyc lized and polymerized products which constitu ted  
the bulk of the reaction mixture. Under these conditions cy c l ic  
by-products were apparently enhanced by the inherent syn o r ie n ta t io n  
o f the molecule and the use of excess base which promoted the 
condensation of two phenanthroline molecules w ith one te tra e s te r  . 
moiety. However, the use o f NaH, as base, in exact molar ra t ios  
q u a n t ita t ive ly  generates the necessary anion p r io r  to the add it ion  of 
the chloromethyl de r iva t ive . Ensuing rapid addition o f 1Œ to the 
reaction mixture resu lts  in a fa c i le  generation o f the ligand while 
minimizing competitive side reactions.
Complexation o f the phenanthroline ligand 1^3 proceeded 
smoothly, however, the d ipyr id ine  analog gave inconsistent y ie ld s  o f 
mono-metallated complex 1^  and normally required longer reaction 
times. The add it ion  o f  AgNO^  did not f a c i l i t a t e  cyclom etalla tion on 
both sides o f the molecule although production of the mono-metallated 
complex was accelerated. In add it ion , the c h lo r id e /n i t ra te  ligand 
exchange was confirmed with the is o la t io n  and NMR characte riza tion  o f 
complex 136.
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The sluggish re a c t iv i ty  and low y ie lds  o f the jC-metallated 
d ip y r id ine  complex are uncharacte r is t ic  in view o f  the previously
173
studied d ipy r id ine  de riva tives  which read ily  underwent 
cyc lom eta lla t ion . I t  appears tha t attainment o f the syn conformation 
required by the complex is  much more stereochemically congested by 
the presence o f e ight methyl ester substituents in the v ic in i t y  o f 
the coordination sphere; thus i n i t i a l  formation o f the necessary JN- 
bonded palladium adduct is  ene rge tica l ly  less favorable and decreased 
y ie ld s  o f  the complex are a d ire c t  consequence. Further, the 
in a b i l i t y  to form the second C-Pd bond is  ostensib ly the re su lt  o f an 
immense s te r ic  requirement imposed by the m u lt ip le  esters and not the 
r ig id  nature o f the aromatic system as in complex 130.
Presumably, ligand systems which must d is to r t  from th e ir  innate 
bond angles and lengths in order to accommodate the preferred 
geometry o f a given metal ion must also re su lt  in complexes which are 
less stable than in the case where molecular topology is  preserved. The 
unusually fa c i le  cyclom eta lla tion reaction y ie ld in g  the d i-m eta lla ted 
5 ' 7*5  complex 142 is testament to the fa c t tha t ligand design can be 
ta i lo re d  to f i t  the requirement o f a spec if ic  coordination geometry and 
thus generate an extremely stable complex. In th is  p a r t ic u la r  case, 146 
possesses the complementary blend o f f l e x i b i l i t y  through the aromatic 
l inkage, and a minimal s te r ic  requirement o f the a lky l substituents to 
y ie ld  an energe tica lly  favored complex.
The in troduction o f  a carbonyl u n it  between the pyrid ine rings 
expands the present study to not only the geometrical e ffec ts  o f the 
5 *6 *5  ligand system, but also the e lec tron ic  e f fe c t  on
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cyclom eta lla tion since the carbonyl moiety lowers the 1 ig a n d p h i l ic i ty
o f the pyrid ine nitrogen atoms via electron withdrawal. This choice
s t i l l  allows the convenience o f a well studied ligand fragment w ith in
the te tradenta te  framework.
The expanded 5-6*5 geometry o f is well suited fo r  the
preparation o f the d i-m eta lla ted complex, which is  not unexpected, since
175the 5*6*5 r ing  system is  well known with tetraamine ligands. This 
ring size combination may be preferred since the 5-5*5 system demands 
considerable bond angle deformation o f the central metal. The 
diminished N^-electron density does not p ro h ib it  formation o f the 
c is -oriented C-Pd bonds; however, th is  fac to r may be responsible fo r  
the s l ig h t ly  diminished s t a b i l i t y  o f complex 151 as compared to the 
previous examples.
Of the many cyclometallated complexes reported in the l i t e r a ­
tu re , the m a jority  have exp lo ited the five-membered m eta llocyc lic
1 70
ring s tru c tu re . The five-membered chelate ring has been shown to
enhance the s ta b i l i t y  o f organometallic complexes by v ir tu e  of the
favorable bond angles formed w ith respect to the t ra n s i t io n  metal
coordination sphere. Larger m eta llocyc lic  ring systems are less
common; however, there are several examples of 6 -membered chelate 
1 7Rring s truc tu res . Our previous report o f a 6 -membered 
cyclopalladated trans complex 95 was the f i r s t  example o f an expanded
3
chelate r ing  structure incorporating both the N^donor atom and an sp 
C-Pd bond which was to t a l l y  characterized by X-ray s tru c tu ra l 
a n a l y s i s . S i m i l a r l y ,  the complexes reported herein are the f i r s t  
examples o f  c is  geometry w ith in  a fused tetradentate 6*5*6,  5*7*5, and 
5'6' 5 cummulated ring system which possess the equivalent bonding mode.
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117Although the "5-membered ring theory" is  a useful and va lid  
c r i te r io n  fo r  assessing the s t a b i l i t y  o f la te n t t ra n s i t io n  metal 
complexes, i t  should not be used as an a l l  inc lus ive guide fo r  the 
design and synthesis o f  po tentia l l igands. In fa c t ,  the f i v e -  membered 
chelate r ing  s truc tu re  can ac tua lly  become a hindrance to 
cyclom etalla tion i f  other conformational re s tra in ts  e x is t ,  such as 
those encountered w ith phenanthroline. Obviously, the p ro b a b i l i ty  of 
forming the C^ -Pd bond w ith excessively large ligands is  remote.
However, w ith  jud ic ious  ligand design, i t  seems l ik e ly  tha t the 
occurrence o f  cyclometallated complexes w ith 6 - ,  7-, and possib ly
8 -membered chelate rings could become more frequent.
NMR Spectral Analysis.
The phenanthroline ligand ^33 displays a very typ ica l NMR 
spectrum w ith  the aromatic region v i r t u a l l y  superimposable on the 
pattern observed e a r l ie r  fo r  ^28. Two s ing le ts  appear at g 3.90 and 
g 4.92 which correspond to the methylene and methine’ pro tons, 
respective ly . In add it ion , two sharp s ing le ts  are observed at g 3.55 
and g 3.78 as one would pred ict fo r  the non-equivalent methyl ester 
groups.
The corresponding d ipyr id ine  ligand possesses the c lass ica l 
aromatic pattern encountered w ith most 6 , 6 ' -d is u b s t i tu te d -2 , 2 ‘ - 
d ipyr id ine  systems exh ib it ing  the H-5 doublet (g 7.17), H-4 t r i p l e t  
(g 7.75), and H-3 doublet (g 8.18) as an tic ipa ted . . The methylene (g 
3.77) and methine (g 4.56) resonances experience a s l ig h t  u p f ie ld  
s h i f t  re la t iv e  to 133, and s u rp r is in g ly ,  the non-equivalent methyl 
ester protons appear as a single peak. However, upon formation of
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the PdClg adduct 1^ ,  the methyl esters demonstrate the an tic ipated 
disparate behavior w ith two d is t in c t  s ing le ts  (6 3,60, 3.86) 
appearing. Hence, the syn conformation of the pyrid ine rings has an 
apparent influence on the molecular environment, a t least on the NMR 
time scale, since i t  is  only with th is  conformation tha t the methyl 
protons resonate at d i f fe re n t  frequencies.
Upon cyclom eta lla tion o f and 1J4 to y ie ld  the monometallated 
species 135 and 138, respective ly , a concurrent increase in the number 
of proton resonances is  observed as a re su lt  o f the inherent 
molecular dissymmetry. The aromatic region appears as two d is t in c t  
sets of signals and four methyl ester resonances are observed fo r  both 
complexes as expected. In the phenanthroline complex 135, the 
methylene protons appear at 6 4.22 and 6 4.78 with the remaining 
methine proton resonating at 6 4.55. The c h lo r id e /n i t ra te  ligand 
exchange reaction to produce complex was confirmed by a 
noticeable up f ie ld  s h i f t  o f the methylene signals (6 4.10 and 6 4.24) 
as well as an u p f ie ld  s h i f t  in the methine proton (6 4.39). The 
n i t ra te  ligand obviously re lieves some o f the unfavorable s te r ic  
in te rac tions  since the methylene and methine protons of 136 are, on 
the average, c loser to  the chemical s h i f t  o f the free ligand than the 
corresponding protons o f complex 135.
The b is (pyridyl)ethane ligand 146 exh ib its  a routine set of 
aromatic pyrid ine resonances and the methylene and methine protons 
have e sse n t ia l ly  the same chemical s h i f ts  as those in previously 
discussed examples. The d i-m eta lla ted complex is eas ily  
recognized by the disappearance o f the methine t r i p l e t  and the 
downfield s h i f t  o f the H-3 proton (a6 0.3) re la t iv e  to the ligand.
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The 5*6*5 ligand I M  displays a proton spectrum in d ica t ive  o f the 
molecular symmetry w ith the a -pyridy l methylene doublet appearing at 6 
3.47 and a t r i p l e t  at 6 4.07 fo r  the adjacent methine proton. The 
methyl hydrogens give a sharp t r i p l e t  a t 6 1.19 and a second order 
m u lt ip le t  is  observed a t <5 4.11 fo r  the ester methylene protons which is 
overlapped w ith the methine t r i p l e t .  Homonuclear se lec tive  decoupling 
confirmed the assignments. The aromatic resonances fu r th e r  estab lish 
the symmetry showing a doublet, t r i p l e t ,  doublet pattern fo r  the pyridyl 
H-5, H-4, and H-3, respective ly. Upon complexation the pyr idy l 
hydrogens are sh if te d  downfield (avg. A6 0.25) but the pattern remains 
as three resonances ind ica ting  tha t symmetry has been preserved. The 
formation o f complex is confirmed by the loss of the methine t r i p le t
with concurrent collapse of the a -py r idy l methylene doublet to a spike
(6 3.64).
X-Ray S tructura l Analysis.
The previous X-ray structure o f 130c f irm ly  established the 
primary fa c to r  responsible fo r  precluding formation o f the d i ­
metal lated complex as being the uncompromising bond angles o f the 
aromatic system. However, the e f fe c t  o f  the aromatic system on
complexation can be kept to a minimum by extending the length o f the
chelate r ing .
The s tru c tu re  o f 135 is depicted in Figure XXXIII w ith  bond 
lengths and angles given in Table 8 . The Pd-Nl and Pd-N2 bond 
distances are 2.064 and 2.153A, respec tive ly , which is  su rp r is in g ly  
close to the average Pd-N bond length o f  2.064A found in the PdClg 
adduct ^ £ .  Thus, the lengthening o f the Pd-N2 bond (2.255A) in 
130c must be a t t r ib u te d  in part to the d is to rted  nature o f the
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en.
Figure XXXIII. ORTEP drawing of 135
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Table 8. Bond Distances and Angles for 1 3 5 .
146
Atoms Distance
Pd-Cl 2.329
Pd-Nl 2.064
Pd-N2 2.153
Pd-C15 2.090
Nl-Cl 1.318
N1-C5 1.391
N2-C6 1.376
N2-C10 1.320
01-019 1.193
02-019 1.339
02-023 1.450
03-020 1.178
04-020 1.325
04-024 1.436
05-021 1.196
06-021 1.358
06-025 1.440
07-022 1.199
08-022 1.344
08-026 1.435
09-022 1.316
09-031 1.444
010-027 1.192
011-028 1.195
012-028 1.322
012-032 1.455
013-029 1.323
013-033 1.439
014-029 1.192
015-030 1.203
016-030 1.337
016-034 1.437
01 -0 2 1.411
01-013 1.486
02-03 1.358
03-04 1.382
04-05 1.414
04-011 1.427
05-06 1.415
06-07 1.413
07-08 1.367
07-012 1.445
08-09 1.373
09-010 1.401
010-016 1.503
Atoms
C11-C12
C13-C14
C14-C15
C14-C19
C14-C20
C15-C21
C15-C22
C16-C17
C17-C16
C17-C27
C17-C28
C18-C29
C18-C30
Atoms
01-C19-02
01-C19-C14
02-C19-C14
03-C20-04
03-C20-C14
04-C20-C14
05-C21-06
05-C21-C15
06-C21-CI5
07-C22-08
07-C22-C15
08-C22-C15
09-C27-010
09-C27-C17
010-C27-C17
011-C28-012
011-C28-C17
012-C28-C17
013-C29-014
013-C29-C18
014-C29-C18
015-C30-016
015-C30-C18
016-C30-C18
Distance (A)
1.312
1.565
1.565 
1.539 
1.551
1.510 
1.502
1.565 
1.567 
1.524 
1.541 
1.520
1.510
Angle (deg.)
122.7
124.7
112.5
124.6
123.8 
111.5
123.9
124.7
111.3 
121.1
125.4
113.4
123.3
112.3
124.4
125.5
123.8
110.7
125.8
109.0
125.2
123.2
125.7
111.0
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Atoms Angle (deg.) Atoms Angle (deg.)
CL-Pd-Nl 159,3 06-07-08 118.3
Cl-Pd-N2 96.2 06-07-012 117.6
C1-Pd-C15 91.8 08-07-012 124.1
Nl-Pd-N2 80.4 07-08-09 119.1
Nl-Pd-C15 95.0 08-09-010 120.4
N2-Pd-C15 168.4 N2-010-09 121.7
C1-N1-C5 120 .1 N2-010-016 118.5
C5-N2-C10 118.2 09-010-016 119.8
C19-02-C23 116.3 04-011-012 122.5
C20-04-C24 114.2 07-012-011 121.7
C21-06-C25 114-9 01-013-014 118.1
C22-08-C26 115.8 013-014-015 11 1 .0
C27-09-C31 117.3 013-014-019 104.2
C28-012-C32 115.9 013-014-020 107.8
C29-013-C33 117.7 015-014-019 112.9
C30-015-C34 116.3 014-014-020 11 0 .6
N1-C1-C2 120.9 019-014-020 110.1
N1-C1-C13 120.5 014-015-021 108.4
C2-C1-C13 118.6 014-015-022 108.7
C1-C2-C3 119.1 021-015-022 110.7
C2-C3-C4 122.4 010-016-017 115.9
C3-C4-C5 116.4 016-017-018 106.6
C3-C4-C11 126.2 016-017-028 110.5
N1-C5-C4 121 .1 018-017-027 11 2 .2
N1-C5-C6 118.2 018-017-028 110.3
C4-C5-C6 120.7 027-017-028 105.7
N2-C6-C5 118.2 017-018-029 1 1 1 .8
N2-C6-C7 121.9 017-018-030 116.9
C5-C6-C7 119.8 029-018-030 106.9
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complex and not e n t i re ly  the trans influence as o r ig in a l ly  
postulated, and in fa c t ,  th is  e ffe c t  may have been d ra s t ic a l ly  
overestimated.
The coordination sphere around the metal core has undergone some 
s ig n if ic a n t  a l te ra t io n s  in bond angles re la t iv e  to the 5-membered 
chelate ring s truc tu re  in  130. Most noteworthy are angles Nl-Pd-C15 
(Nl-Pd-C14 in ^30) and N2-Pd-Cl which have gone from 82.1° to 95.0° 
and 104.7° to 96.2°, respective ly , which would ind icate a less 
strained system since ideal square planar geometry should disp lay 
bond angles close to 90°. A ll angles w ith in  the cyclometallated r ing  
are normal with the possible exception o f C1-C13-C14, which is 
118.1°. In the mono-metallated 5-membered complex, the analogous 
angle is 111 . 9 ° and in  the previously reported 6 -membered trans 
complex, an average value of 112.5° is  observed fo r  that same angle.
Thus, i t  appears tha t some deformation occurs at th is  posit ion due to 
the p ivotal o r ie n ta t io n  of th is  carbon atom w ith in  the cyclometallated 
r ing .
The most important feature of ^35 is  the symmetric arrangement 
o f the l ig a t in g  atoms around the palladium core and also the 
unperturbed nature o f the bond lengths in  the coordination sphere.
This indicates tha t very few molecular deformations are necessary to 
accommodate the cyclometallated complex and therefore , the bulky 
nature o f the es te r groups is indeed the fa c to r  which precludes 
generation o f the second C-Pd bond. Inspection of the ORTEP drawing 
(Figure XXXIII), reveals tha t the ester groups on the non-metal 
bonded side are oriented to minimize s te r ic  repulsions. Moreover, i f  
the second C-Pd bond was to form, the terminal ester groups o f the 2
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and 9 a lky l substituents would have to occupy e sse n t ia l ly  the same 
space. The ester groups closest to the phenanthroline nucleus have 
no apparent detrimental e f fe c t  upon cyclometallation based on the 
ava ilab le  so lid  state data. In order to achieve formation o f the cis 
6 *5*6  d i-m eta lla ted complex, i t  is  c lear tha t the s te r ic  requirements 
o f  the substituents on the methine carbon must be considerably reduced 
over the present case.
The structure o f 147 is  depicted in  Figure XXXIV with bond 
lengths and angles given in Table 10. The bond angles in the 
Pd-coordination sphere are, considerably d is to rted  from ideal (90°) 
w ith Nl-Pd-Cl and N2-Pd-C16 being 79.7° and 78.3°, respective ly . The 
Nl-Pd-N2 angle in the 7-membered ring has extensively widened 
(101.2°) re la t iv e  to the previous complex 130c. in which tha t angle 
is  79.2°.
The pyrid ine rings are not co-planar w ith the dihedral angle 
between the best planes defin ing the two rings being 132.3°. The 
geometry with respect to the central metal core is  considerably 
d is to rted  from ideal square planar geometry as evidenced by the large
O
X value which indicates the non-planar nature o f the fou r donor 
atoms (x^=18731).
I t  is  somewhat unexpected tha t M l  should exh ib it  such a 
pronounced s ta b i l i t y  re la t iv e  to the other Pd-complexes in view of 
the d is to rted  geometry about the metal and, espec ia lly , the large 
Nl-Pd-N2 bond angle. Therefore, the geometrical requirements o f the
metal are not the predominant fac to r in fluencing cyclom eta lla tion in
3
a l l  instances. Thus, i f  the ligand can pos it ion  the sp methine 
carbanion w ith in  the necessary bonding radius, the metal is  disposed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
151
Figure XXXIV. ORTEP drawing of 147.
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Table 10. Bond Distances and Angles for 14 7 .
Atoms Distance(A)
Pd-Nl 2 .1 1 2
Pd-N2 2.184
Pd-Cl 2.108
Pd-C16 2.090
N1-C3 1.324
N1-C7 1.345
N2-C10 1.363
N2-C14 1.333
C1-C2 1.544
C1-C17 1.501
C1-C18 1.499
C2-C3 1.484
C3-C4 1.421
C4-C5 1.362
C5-C6 1.330
C6-C7 1.412
C7-C8 1.500
C8-C9 1.506
C9-C10 1.486
ClO-Cll 1.407
C11-C12 1.313
C12-C13 1.367
C13-C14 1.407
C14-C15 1.484
CI5-C16 1.528
C16-C21 1.498
C16-C22 1.514
C17-01 1.198
C17-02 1.345
02-C19 1.443
C18-03 1.197
C18-04 1.340
04-C20 1.433
C21-05 1 .2 0 2
C21-06 1.340
06-C23 1.431
C22-07 1.186
C22-08 1.348
08-C24 1.445
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Tab le  10. C o n t in u e d .
Atoms Angle (deg.) Atoms Angle (i
Nl-Pd-N2 101 .2 C15-C16-C22 11 1 .8
Nl-Pd-Cl 79.7 C21-C16-C22 108.9
Nl-Pd-C16 170.8 05-021-06 122.4
N2-Pd-Cl 165.3 05-021-016 124.9
N2-Pd-C16 78.3 06-021-016 11 2 .6
Cl-Pd-C16 103.1 07-022-08 121,5
Pd-Nl-C3 114.4 07-022-016 126.0
Pd-Nl-C7 123.4 08-022-016 112.5
C3-N1-C7 121.1
Pd-N2-C10 130.9
Pd-N2-C14 109.7
C10-N2-C14 118.7
Pd-Cl-C2 103.1
Pd-Cl-C17 116.8
Pd-Cl-C18 106.6
C2-C1-C17 108.4
C2-C1-C18 110.0
C17-C1-C18 111 .6
C1-C2-C3 110.7
N1-C3-C2 114.9
N1-C3-C4 121.6
C2-C3-C4 123.5
C3-C4-C5 115.8
C4-C5-C6 123.3
C5-C6-C7 119.1
N1-C7-C6 118.9
N1-C7-C8 117.8
C6-C7-C8 123.3
C7-C8-C9 112.5
C8-C9-C10 117.8
N2-C10-C9 121.7
N2-C10-C11 118.8
C10-C11-C12 121.3
C11-C12-C13 120.4
C12-C13-C14 117.9
N2-C14-C13 122 .2
N2-C14-C15 116.7
C13-C14-C15 121.2
C14-C15-C16 110 .8
Pd-C16-C15 102.5
Pd-C16-C21 121.4
Pd-C16-C22 104.3
C15-C16-C21 108.0
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Table 11. Coordinates for 147.
Atom X y z Atom X y z
Pd 0 . 6 6 6 5 9 ( 7 ) 0 . 4 9 6 1 0 ( 4 ) 0 . 2 3 3 2 1 ( 4 ) C I5 0 . 6 2 9 9 ( 8 ) 0 . 4 8 2 6 ( 5 ) 0 . 4 0 0 0 ( 5 )
Pd' 0 . 3 0 6 8 3 ( 6 ) 0 . 0 9 2 4 3 ( 4 ) 0 . 2 2 3 9 9 ( 4 ) C16 0 . 6 6 2 4 ( 8 ) 0 . 5 5 9 2 ( 5 ) 0 . 3 5 8 5 ( 5 )
01 1 . 0 6 6 0 ( 7 ) 0 . 6 3 6 1 ( 4 ) 0 . 3 1 7 1 ( 5 ) C17 0 . 9 0 0 4 ( 9 ) 0 . 5 6 7 4 ( 5 ) 0 . 2 0 6 8 ( 5 )
02 1 . 0 0 0 7 ( 6 ) 0 . 4 9 6 3 ( 3 ) 0 . 3 1 6 6 ( 3 ) C18 0 . 0 6 1 0 ( 9 ) 0 . 6 2 2 7 ( 5 ) 0 . 1 7 3 6 ( 5 )
03 0 . 8 6 6 6 ( 8 ) 0 . 6 2 4 0 ( 4 ) 0 . 1 0 0 4 ( 4 ) C19 1. 1162 (10 ) 0 . 5 0 5 0 ( 6 ) 0 . 3 8 5 7 ( 7 )
04 0 . 0 3 0 7 ( 6 ) 0 . 6 0 9 6 ( 4 ) 0 . 2 3 0 0 ( 4 ) C20 0 . 8 1 8 1 ( 1 1 ) 0 . 7 6 5 2 ( 5 ) 0 . 2 0 0 9 ( 7 )
03 0 . 0 3 2 2 ( 6 ) 0 . 6 0 2 8 ( 4 ) 0 . 4 5 5 8 ( 4 ) C21 0 . 7 0 0 0 ( 8 ) 0 . 6 2 1 7 ( 5 ) 0 . 4 1 1 8 ( 5 )
Ob 0 . 7 8 2 0 ( 6 ) 0 . 7 0 3 0 ( 3 ) 0 . 4 1 1 2 ( 3 ) 622 0 . 5 3 6 7 ( 8 ) 0 . 6 0 4 1 ( 5 ) 0 . 3 5 6 2 ( 5 )
07 0 . 4 5 1 9 ( 6 ) 0 . 6 0 1 7 ( 4 ) 0 . 4 0 3 9 ( 4 ) C23 0 . 8 9 6 8 ( 1 0 ) 0 . 7 6 0 3 ( 6 ) 0 . 4 6 1 6 ( 7 )
08 0 . 5 3 1 2 ( 6 ) 0 . 6 5 0 1 ( 3 ) 0 . 2 9 5 9 ( 3 ) C24 0 . 4 3 2 1 ( 1 0 ) 0 . 7 0 0 1 ( 6 ) 8 . 3 0 5 3 ( 6 )
o r - 0 . 0 1 6 5 ( 6 ) - 0 . 0 2 0 0 ( 3 ) 0 . 2 4 2 9 ( 4 ) Cl* 0 . 1 7 4 0 ( 8 ) 0 . 0 3 1 4 ( 5 ) 0 . 1 7 2 7 ( 5 )
02* 0 . 0 5 0 8 ( 6 ) 0 . 1 1 3 0 ( 3 ) 0 . 2 7 1 5 ( 3 ) C2* 0 .  1321(8 ) 0 . 0 8 2 5 ( 5 ) 0 . 1 0 6 3 ( 5 )
0 3 ' 0 . 1 6 8 6 ( 6 ) - 0 . 0 0 5 1 ( 4 ) 0 . 0 5 4 4 ( 3 ) C3* 0 . 2 4 7 8 ( 8 ) 0 . 0 9 6 0 ( 5 ) 0 . 0 5 3 9 ( 5 )
04* 0 . 1 9 3 5 ( 6 ) - 0 . 1 0 0 9 ( 4 ) 0 .  1054(4) C4* 0 . 2 2 4 6 ( 9 ) 0 . 0 9 2 9 ( 5 ) - 0 . 0 3 3 5 ( 5 )
05* 0 . 2 0 7 0 ( 6 ) 0 . 0 4 1 6 ( 4 ) 0 . 4 0 5 4 ( 3 ) C5* 0 . 3 3 9 3 ( 9 ) 0 . 0 9 8 5 ( 5 ) - 0 . 0 7 6 0 ( 5 )
06* 0 . 2 9 2 4 ( 6 ) - 0 . 0 7 6 6 ( 4 ) 0 . 3 6 2 5 ( 4 ) 66* 0 . 4 7 4 5 ( 9 ) 0 . 1 0 8 7 ( 5 ) - 0 . 0 3 2 1 ( 5 )
07* 0 . 5 2 7 4 ( 6 ) - 0 . 0 5 3 4 ( 4 ) 0 . 2 5 5 4 ( 4 ) C7* 0 . 4 9 2 8 ( 0 ) 0 . 1 1 5 2 ( 5 ) 0 . 0 5 5 3 ( 5 )
03* 0 . 6 1 9 5 ( 6 ) 0 . 0 0 1 6 ( 3 ) 0 . 3 9 0 7 ( 3 ) CO' 0 . 6 3 7 5 ( 9 ) 0 . 1 3 2 9 ( 6 ) 0 .  1003(5)
N1 0 . 6 5 3 9 ( 7 ) 0 . 4 3 7 2 ( 4 ) 0 . 1 0 4 1 ( 4 ) o * 0 . 6 7 3 2 ( 1 0 ) 0 . 2 2 6 5 ( 6 ) 0 .  1636 (6)
N2 0 . 4 3 2 6 ( 7 ) 0 . 4 1 7 6 ( 4 ) 0 . 2 6 5 7 ( 4 ) C10* 0 . 6 0 1 3 ( 8 ) 0 . 2 3 3 1 ( 5 ) 0 . 2 5 7 3 ( 5 )
N l* 0 . 3 8 0 2 ( 6 ) 0 . 1 1 0 0 ( 4 ) 0 . 0 9 7 1 ( 4 ) C l l * 0 . 7 0 9 3 ( 9 ) 0 . 2 9 6 8 ( 5 ) 0 . 3 1 2 7 ( 5 )
N2* 0 . 5 8 4 9 ( 6 ) 0 . 1 8 1 8 ( 4 ) 0 . 2 0 8 8 ( 4 ) C12* 0 . 7 9 8 1 ( 9 ) 0 . 3 8 4 5 ( 6 ) 0 . 3 9 7 2 ( 6 )
Cl 0 . 8 7 3 2 ( 8 ) 0 . 5 4 6 2 ( 5 ) 0 . 2 1 1 6 ( 5 ) C13* 0 . 7 0 4 1 ( 9 ) 0 . 2 5 3 5 ( 6 ) 0 . 4 3 0 3 ( 6 )
C2 0 . 9 0 2 9 ( 1 0 ) 0 . 4 7 2 6 ( 6 ) 0 . 1 4 3 1 ( 6 ) C14* 0 . 5 9 3 4 ( 0 ) 0 .  1915(5) 0 . 3 7 3 4 ( 5 )
C3 0 . 7 7 6 5 ( 1 0 ) 0 . 4 3 5 5 ( 6 ) 0 . 0 7 7 6 ( 6 ) C15* 0 . 4 8 2 1 ( 9 ) 0 . 1 3 6 3 ( 5 ) 0 . 4 0 5 0 ( 5 )
C4 0 . 7 8 8 0 ( 1 2 ) 0 . 4 0 1 1 ( 7 ) - 0 . 0 1 0 3 ( 7 ) C16* 0 . 4 1 8 2 ( B ) 0 . 0 5 3 0 ( 5 ) 0 . 3 3 8 8 ( 5 )
C5 0 . 6 5 8 3 ( 1 3 ) 0 . 3 7 3 2 ( 8 ) - 0 . 0 6 0 6 ( 8 ) 617* 0 . 0 6 4 5 ( 0 ) 0 . 8 3 2 6 ( 5 ) 8 . 2 3 2 8 ( 5 )
C6 0 . 5 3 5 4 ( 1 3 ) 0 . 3 7 6 1 ( 0 ) - 0 . 0 3 7 5 ( 8 ) C18* 0 . 1 7 7 6 ( 8 ) - 0 . 0 5 8 7 ( 5 ) 0 . 1 2 9 7 ( 5 )
C7 0 . 5 2 8 9 ( 1 1 ) 0 . 4 1 2 1 ( 7 ) 0 . 0 5 0 3 ( 7 ) C19' - 0 . 0 5 0 2 ( 1 0 ) 0 . 1 1 0 6 ( 6 ) 0 . 3 2 4 8 ( 6 )
C8 0 . 3 9 3 2 ( 1 3 ) 0 . 4 2 4 0 ( 7 ) 0 . 0 8 4 6 ( 7 ) C20* 0 . 2 0 7 7 ( 1 1 ) - 0 . 1 9 5 5 ( 5 ) 0 .  1536(7 )
C9 0 . 3 3 1 3 ( 1 3 ) 0 . 3 5 5 3 ( 8 ) 0 . 1 2 3 1 ( 9 ) C21* 0 . 2 9 3 9 ( 9 ) 0 . 0 0 7 3 ( 5 ) 0 . 3 7 1 4 ( 5 )
C10 0 . 3 6 4 8 ( 1 0 ) 0 . 3 6 1 9 ( 6 ) 0 . 2 1 5 9 ( 6 ) C22* 0 . 5 2 3 0 ( 8 ) - 0 . 0 0 5 9 ( 5 ) 0 . 3 2 0 7 ( 5 )
Cl 1 0 . 2 7 7 5 ( 1 1 ) 0 . 3 0 7 6 ( 6 ) 0 . 2 5 4 8 ( 6 ) C23* 0 . 1 7 2 0 ( 1 1 ) - 0 . 1 2 5 9 ( 6 ) 0 . 3 8 8 4 ( 6 )
C12 0 . 3 0 3 2 ( 1 1 ) 0 . 3 0 6 6 ( 7 ) 0 . 3 3 4 2 ( 7 ) C24* 0 . 7 1 6 9 ( 1 0 ) - 0 . 0 5 7 4 ( 6 ) 0 . 3 8 3 7 ( 6 )
C13 0 . 4 1 9 5 ( 10) 0 . 3 6 5 2 ( 6 ) 0 . 3 8 5 9 ( 6 ) OIU - 0 . 8 0 1 ( 2 ) 0 . 7 4 2 ( 1 ) 0 . 9 6 0 ( 1 )
C14 0 . 5 0 5 5 ( 8 ) 0 . 4 1 0 2 ( 5 ) 0 . 3 4 8 2 ( 5 )
in4^
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to assume the necessary geometry, w ith in  reason.
Experimental Section.
General comments are given in Chapters 2 and 5.
1.2-B is(6-m ethy l-2 -pyridy l)e thy lene Di-N-oxide (141). A mixture 
o f 1,2- b is (6 -m ethy l-2-pyridy l)e thy lene (lOg, 48mmol), 30%
(50mL), and g la c ia l AcOH (50mL) was s t i r re d  at 90° fo r  4 hours.
Additional 30% HgOg (50mL) and g lac ia l AcOH (25mL) were added and the 
so lu tion s t i r re d  a t 90°C fo r  12 hours. The solu tion was cautiously 
concentrated, repeatedly d ilu ted  w ith  water and concentrated in vacuo.
( Note: Explosions have been reported when using 30% HgOg. Proceed
cautiously when concentrating any solu tions containing peroxides.
Use no less than 4 reaction volumes o f water to d i lu te  the mixture 
when fo llow ing the procedure given here). The resu lt ing  viscous 
l iq u id  was neutra lized with so l id  NagCO^  and extracted w ith CHClg.
The ex trac t was dr ied , concentrated, and the crude product 
c ry s ta l l iz e d  from EtOH/CgHg as white c rys ta ls :  75%;' mp 245°C (dec.)
[ l i t . l S 4 f  mp 247-249°C (d e c .) ] .
1 .2-Bis(6-acetoxymethy1-2 - p y r id y l )ethylene (142). A so lu tion  of
1 , 2 - b is (6 -methyl-2-py r idy l)e thy lene  di-N-oxide (lOg, 45mmol) in 
d i s t i l l e d  Ac^O (lOOmL) was refluxed fo r  30 minutes. The dark 
reaction mixture was concentrated in vacuo, and the resu lt ing  so lid  
was dissolved in CHgClg, washed w ith d i lu te  aqueous NagCOg, dr ied , 
and reconcentrated J_n vacuo. The crude product was, passed through a 
short s i l i c a  gel column e lu t ing  w ith CHgClg. The eluant was
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concentrated and the product c ry s ta l l iz e d  from a small volume o f EtOH 
to give the d ie s te r ,  as white needles: 6 . 6g (50%); mp 133-136°C
( l i t . l 5 4 f  mp 133-134°C).
1 .2 -B is (6 -hydroxymethyl-2-pyridyl)ethylene (143). A suspension 
o f l , 2 - b is (6 -acetoxymethy1- 2-pyr idy l)e thy lene  (lOg, 31mmol) and 
anhydrous KgCO^  (14g, 102mmol) in absolute EtOH (2Q0mL) was s t i r r e d  
fo r  one hour. The mixture was f i l t e r e d  and concentrated in vacuo to 
give the d i o l , which was c rys ta l l ize d  from EtOH, as white needles: 7.1g 
(95%); mp 138-140°C ( l i t . ^ ^ ^ ^ m p  142-144°C).
1 .2 -B is(6 -hydroxymethyl-2-pyridyl)ethane (144) was prepared by a 
previously reported procedure^^^^: 27%; mp 155-157°C ( l i t .  mp
157-159°C).
1 .2 -B is (6 -chloromethyl-2-pyridy 1)ethane (145). To f re sh ly  
d is t i l le d  SOClg (5mL) precooled to 0°C, 1 ,2 -b is (6 -hydroxymethyl-2- 
pyridyl)ethane ( l . l g ,  4.5mmol) was added in small portions under
nitrogen. A f te r  the add it ion , the so lu t ion  was refluxed fo r  one
hour, cooled, and excess SOClg removed in vacuo. The residue was 
neutra lized w ith  10% aqueous NagCO ,^ then extracted with CHgClg 
(5x50mL). The combined organic e x tra c t was dried over anhydrous
MgSO^  and concentrated in vacuo to a ffo rd  a l ig h t  tan s o l id ,  which
was c ry s ta l l iz e d  from CHgClg/CgH^g to  give the d ich lo r ide , as white 
c rys ta ls : 1.2g (95%); mp 100-101°C; ^H NMR 6 3.24 (s, CH^CHg, 4H),
4.60 (s, CHgCl, 4H), 7.05 (dd, 5-pyH, J=7.8, 1.2Hz, 2H), 7.15 (dd,
3-pyH, J=7.8, 1.2Hz, 2H), 7.50 ( t ,  4-pyH, J=7.8Hz, 2H); MS m/e 280 
(M+, 1), 279 (2 ) ,  245 (22), 244 (100), 210 (20), 209 (41), 207 (60).
B is -2 -(6 -m e thy lp y r idy l) ketone (148). To a solu tion o f  2-bromo-
6 -methylpyridine (19g, O.llmol) in THE (150mL) cooled to -90°C (pet.
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e th e r- l iq u id  nitrogen) under argon, n-BuLi (O.lmol, Z.W  in hexane) 
was added dropwise. The resu ltan t so lu tion  was s t i r re d  a t -90°C fo r  
1 hour, then a solu tion o f ethyl chloroformate ( 6g, 0.05mmol) in THF 
(15mL) was added ra p id ly  while s t i l l  maintaining the temperature 
<-80°C. A fte r  s t i r r in g  fo r  1.5 hours a t -80°C, the reaction was 
quenched with MeOH (l.OmL). The solvent was removed in vacuo and the 
residue extracted w ith  CHCl^, followed by washing with 10% aqueous 
NaHCG^ . The combined organic ex trac t was dried over anhydrous MgSO ,^ 
concentrated, and column chromatographed ( s i l i c a )  e lu t ing  with 
CgHi^/EtOAc (1:1) to give 2 ^ ,  as co lorless needles: 5.6g (48%); mp
5°C; bp 162-166°C (2.8mm); 0.42; NMR 6 2.65 (s , CH^, 6H), 7.35
(dd, 5-pyH, J=7.7, 0.5Hz, 2H), 7.76 ( t ,  4-pyH, J=7.7Hz, 2H), 7.91 
(dd, 3-pyH, J=7.7, 0.5Hz, 2H); IR (CHCI3 ) 1681 (C=0)cm“ ^  MS m/e 212 
(77), 183 (100); Anal. Calcd. fo r  C23HJ2N2O: C, 73.56; H, 5.70; N,
13.20. Found: C, 73.40; H, 5.85; N, 13.25.
B is-2-[6-(brom om ethyl)pyridy l] ketone (149). To a so lu tion  o f 
b is -2 - ( 6 -m e thy lpy r idy l) ketone (2.0g, 9.5mmol) in anhydrous CCl^ (200mL) 
was added NBS (3.7g, 20.8mmol) and benzoyl peroxide (40 mg). The 
mixture was then re fluxed fo r  4 hours under a nitrogen atmosphere using 
a 100 W bulb. A fte r  cooling and f i l t r a t i o n ,  the f i l t r a t e  was washed 
w ith 10% aqueous Na2CÜ3 , dried over anhydrous MgSO ,^ and concentrated j r i  
vacuo to give a viscous residue, which was column chromatographed on 
s i l i c a  gel e lu t ing  w ith  EtOAc/CgH^2 ( 1 : 1 ) to give the symmetrical 
dibromide as white c rys ta ls :  580mg (17%); mp 102-103°C (dec.);  R^  0.70;
^H NMR 6 4.61 (s, CJi2 , 4H), 7.68 (dd, 5-pyH, J=7.7, l . lH z ,  2H), 7.91 ( t ,
4-pyH, J=7.7Hz, 2H), 8.06 (dd, 3-pyH, J=7.7, l . lH z ,  2H); IR (CHCI3 ) 1686 
(C=0)cm"l; MS m/e 372 (1 ), 370 (1 ), 368 (1), 291 (100), 280 (83), 210
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(28); Anal. Calcd. f o r  CigH^gBrgNgO: C, 42.19; H, 2.72; N, 7.57.
Found: C, 41.96; H, 2.80; N, 7.46.
General P reparation o f  Ligands (134), (146), and (150). A mixture 
o f d ia lky l malonate (4 e q u iv .) ,  b is -halomethyl compound (1 e q u iv . ) ,  and 
anhydrous K^ CO^  (4 equ iv .)  in pure DMF (SOmL) was s t ir re d  at 25°C fo r  24 
hours. The mixture was f i l t e r e d  and concentrated in vacuo to give an 
o i l ,  which was passed through a short s i l i c a  column e lu ting  w ith  CHgClg, 
concentrated in  vacuo, and the product c ry s ta l l iz e d .
Dimethyl 2 , 2 , 2 ' , 2 ' ,3 ,3 '-b is ( t r im e th o x y c a rb o n y l) [2 ,2 '-d ip y r id in e ]-  
2,9-dibutanoate (134) as a white so l id  (CHgClg/CgH^g): 90%; mp
218-220°C (dec .);  NMR 6 3.73 (s , CH3 , 24H), 3.77 (s, pyCH^, 4H),
4.56 [s ,  CH(CO^Me)^ 2H], 7.17 (dd, 5-pyH, J=7.6, l.OHz, 2H), 7.75 ( t ,
4-pyH, 0=7.6Hz, 2H), 8.18 (dd, 3-pyH, 0=7.6, l.OHz, 2H); NMR 0 
40.15 (CHg), 52.55 (CH^), 52.84 (ÇH3 ) ,  53.23 [ [ 8 (002^ 2 )2 ] ,  58.14 
[C(CO^Me)^], 119.24 (C3), 124.15 (05), 137.42 (04), 155.21 (06),
156.14 (02), 168.38 (0=0), 170.34 (0=0); IR (KBr) 2950, 1725 
(0=0)cm"l; MS m/e 704 (1 ), 674 (3 ), 673 (8 ) ,  573 (16), 445 (25), 444 
(100), 184 (94), 159 (42), 115 (45); Anal. Oalcd. fo r  C32H36N2O1 6 :
0, 54.55; H, 5.15; N, 3.98. Found: 0, 54.48; H, 5.05; N, 3.72.
l,2-Bis[6-(2 ,2-d1carbom ethoxyethyl)-2-pyridyl]e thane (146) as 
white crys ta ls  (CgH^g,): 91%; mp 99-100°0; ^H NMR 6 3.12 (s, CH^2
OH2 , 4H), 3.39 (d, pyOH2 » 0=7.4Hz, 4H), 3.73 (s, OH3 , 12H), 4.16 [ t ,  
0H(0020H3 )2 , 0=7.4Hz, 2H], 6 .8 8  (d, 5-pyH, 0=7.8Hz, 2H), 6.97 (d,
3-pyH, 0=7.8Hz, 2H], 7.43 ( t ,  4-pyH, 0=7.8Hz, 2H); IR (KBr) 1715 
(0=0)cm"l; MS m/e 475 (2), 474 (8 ) ,  473 (36), 472 (M+, jOO), 409
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(39), 218 (38), 186 (8 6 ) ,  145 (35); Anal. Calcd. fo r  C-^HggNgOg: C,
61.01; H, 5.97; N, 5.93. Found C, 59.89; H, 5.93; N, 5.85.
Diethyl 2 ,2 ' -b is (e thoxycarbony!)[(d i-2 -pyr1dy l)ke tone ]-6 , 6 ‘ - 
di'propanoate (150) was column chromatographed on s i l i c a  gel e lu t ing  
w ith CgH^g/EtOAc ( 1 : 1 ) to  give the te trae s te r  as a pale yellow o i l ;
53%; 0.5 ; NMR 6 1.19 ( t ,  CH^CH^, J=7.1Hz, 12H), 3.47 (d, pyCHg,
J=7.5Hz, 4H), 4.07 [ t ,  CH(C0 2 E t)2 , J=7.5Hz, 2H), 4.11 (m, CHgCH., 8H),
7.41 (dd, 4-pyH, J=7.7, 1.2Hz, 2H), 7.79 ( t ,  4-pyH, J=7.7Hz, 2H), 7.89 
(dd, 3-pyH, J=7.7, 1.2Hz, 2H); IR (CHCI3 ) 1743 (0=0), 1729 (0=0),
1687 (0=0)cm"l; MS m/e 528 (75), 483 (32), 455 (35), 437 (53), 363 
( 100); Anal. Oalcd. fo r  ^27^32^2^9' 61.36; H, 6.10; N, 5.30.
Found: 0, 60.79; H, 6.23; N, 5.04.
Dimethyl 2 , 2 , 2 ' , 2 ' , 3 , 3 ' -b is(tr im ethoxycarbonyl)[1 ,10- 
phenanthroline]-2,9-butanoate (133). To a re f lux ing  mixture of 
anhydrous THF (lOOmL) and NaH ( I 68mg, 50% dispersion in o i l ) ,  was 
added te t ra e s te r  139 (950mg, 3.6mmol) in THF (20mL). A fte r 30 
minutes, the chloromethyl compound 108 (500mg, 1.8mmol) in THF (20mL) 
was added in one portion . A f te r  2 additional hours a t re f lu x ,  the 
reaction was quenched w ith MeOH and the mixture concentrated in vacuo to 
give a residue which was passed through a short s i l i c a  gel column 
(CHgClg). A fte r concentration in vacuo, the product was c rys ta l l ize d  
from OHgOlg/OgH^g: 85%; mp 150-151°0; ^H NMR 0 3.55 (s , OH3 , 12H),
3.78 (s . OH3 , 12H), 3.90 (s , phenOHg, 4H), 4.92 [s ,  0H(C02Me)2 , 2H],
7.66 (d, 3,8-phenH, 0=8.3Hz, 2H), 7.68 (s, 5,6-phenH, 2H), 8.10 (d,
4,7-phenH, 0=8.3Hz, 2H); ^^0 NMR 6 42.44 (CHg), 52.40 (ÇH3 ), 52.84
(ÇH3 ) ,  53.30 [CHOCOgMe);,], 59.60 [ÇOlOgMe);,], 124.59 (03, 8 ) ,  126.10 
(05, 6 ) ,  127.41 (04a,b), 136.01 (04, 7), 145.49 (010a,b), 157.25
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(C2, 9 ), 168.43 (C=0), 170.04 (C=0); IR (KBr) 1740, 1715cm"^ MS m/e 
728 (M+, 1), 698 (2 ), 469 (28), 468 (_100), 241 (25), 208 (70), 59 (26); 
Anal. Calcd. fo r  C, 56.05; H, 4.98; N, 3.84. Found: C,
56.25; H, 5.20; N, 3.76.
D ichloro[d im ethyl- 2 , 2 , 2 ' , 2 ' , 3 , 3 ' -( tr im e thoxyca rbony l)(2 ,2 '-  
d ip y r id 1ne)-6 , 6 '-d ibutanoate]pa11adium(II) (137). To a CH^ CN 
so lu tion  (25mL) o f PdClg (Immol) was added 134 (Immol) dissolved in 
CHgCN (5mL) and the so lu tion  warmed to 50°C fo r  2 hours. A fte r 
cooling and concentration in vacuo, the re su ltan t product was 
dissolved in CHgClg, f i l t e r e d ,  and reconcentrated in vacuo. The 
orange so lid  was characterized by NMR and immediately used in 
subsequent cyclometalla tion reactions: NMR 6 3.60 (s, CHg, 12H),
3.86 (s , CH3 , 12H), 4.32 (s, pyCHg, 4H), 4.64 [s ,  CHXCOgMe) ,^ 2H],
7.52 (dd, 5-pyH, 0=7.8, 1.4Hz, 2H), 7.88 ( t ,  4-pyH, 0=7.8 Hz, 2H),
8.10 (dd, 3-pyH, 0=7.8, 1.4Hz, 2H).
General Preparation o f Carbon-Palladium Bonded Complexes (135), 
(138), and (147). A mixture of Na^PdCl^ or PdClg (1.5 equiv.) and 
the designated ligand (1.0 equiv.) in anhydrous CH^ CN (25mL) was 
s t i r re d  fo r  1 hour a t 50°C. Anhydrous K^CO^  (3.0 equiv.) was added 
and the mixture s t i r re d  fo r  18 hours at 50°C. The heterogeneous 
mixture was f i l t e r e d  through C e lite , concentrated, and the crude 
product passed through a short s i l i c a  gel column e lu t ing  with MeOAc. 
A fte r  concentration in  vacuo, the complexes were re c rys ta l l ize d .
Chloro<3-methoxy-2-(methoxycarbonyl)-l,l-(dimethoxycarbonyl)-l- 
[[9-[4-methoxy-3-(methoxycarbonyl)-2,2-(dimethoxycarbonyl)-4- 
oxo bu ty l] [ l ,10 -phenan th ro l ine]- 2 - y l ] -methyl ]-3-oxopropyl -C,N,N'> 
palladium (135) as orange crys ta ls  from acetone: 60%; mp 183-186°C
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(d ec .) ;  NMR 6 3.66 (s , CH^, 6H), 3.70 (s , CH^, 6H), 3.73 (s, CH^,
6H), 3.77 (s, CH3 , 6H), 4.22 (s , phenCH^, 2H), 4.55 [s ,  CHfCOgMejg,
IH ],  4.78 (s, phenCHg, 2H), 7.59 (d, 8 -phenH, J=8.4Hz, IH), 7.81,
7.83 (2s, 5,6-phenH, 2H), 7.87 (d, 3-phenH, J=8.4Hz, IH), 8.27 (d,
7-phenH, J=8.4Hz, IH), 8.35 (d, 4-phenH, J=8.4Hz, IH); IR (Csl) 1720 
(C=0)cm~^; Anal. Calcd. f o r  C^^H^gNgO^gPdCl: C, 46.96; H, 4.06; N.
3.22. Found; C, 46.37; H, 3.88; N, 2.94.
Crystal data: Cg^H^gN^O^gPdCl•1.5 CgHgO; mw=956.6; t r i c l i n i c ;
space group PÎ; £=11.298(2), ^=13.932(3), £=14.778(5)A; a=99.06(2)°, 
8=109.03(2)°, Y=97.44(2)°, Z=2, d^=1.491(gcm~^), u(MoKa) 5.64cm"^; 
unique re f le c t io n s  = 4883 [ I> 3 a ( I ) ] ,  R=0.048; 2<G<43.
Chloro<3-methoxy-2-(methoxycarbonyl )-l, l-(d1methoxycarbonyl ) - l -  
[[6-[4-methoxy-3-(methoxycarbonyl)-2,2-(dimethoxycarbonyl)-4-oxobutyl]
[ 2 , 2 ' -d ip y r id in e ] - 6 ' -y l]-m ethy l]-3 -oxopropy l-C ,N ,N ' >palladium (138) as 
orange crys ta ls  from CH^Cl^/CgH^^: 20%; mp 240°C (dec.); ^H NMR & 3.66
(s , CH3 , 6H), 3.72 (s , CH3 , 6H), 3.75 (s , CH3 , 6H), 3.76 (s, CH3 , 6H),
4.00 (s, phenCHg, 2H), 4.32 [s ,  CH(C02Me)2 , IH ], 4.46 (s, phenCHg, 2H),
7.33 (dd, 5'-pyH, J=6.0, 3.0Hz, IH), 7.67 (dd, 5-pyH, J=5.0, l.OHz, IH),
7.92 (m, 4 ,4 ',3 ,3 '-p yH , 4H); IR (Csl) 1722 (C=0)cm"^ MS m/e 674 (3 ),
673 (8 ) ,  645 (6 ) ,  587 (8 ) ,  573 (17), 527 (16), 495 (16), 445 (25), 444 
( 100); Anal. Calcd. f o r  C32H3gN20jgPdCl: C, 45.46; H, 4.17; N, 3.31.
Found: C, 45.23; H, 4.11; N, 3.40.
< [1 ,2 -B is (2 -p y r idy l)e than e ]-6 ,6 ' - d iy lb is [ l , l -b is (m e th o x y -  
ca rbon y l)-2 , l-e th ane d iy l]-C ,C ' ,N,N' >palladium (147) as yellow 
crys ta ls  from CH2Cl2 /CgH^2 - 85%; mp 155-160°C (dec.); ^H NMR 6 3.11 
(s , CHgCHg, 4H), 3.48 (s , pyCHg, 4H), 3.66 (s , CH3 , 12H), 6.94 (d.
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5-pyH, J=7.5Hz, 2H), 7.23(d, 3-pyH, J=7.5Hz, 2H), 7.61 ( t ,  4-pyH, 
J=7.5Hz, 2H); IR (Csl) 1725 (C=0)cm‘ ^; MS m/e 580 (1 ), 578 (2 ) ,  576 (3), 
575 ( 2 ) .  520 (2 ), 472 (53), 342 (43), 186 (87), 120 (100); Anal. Calcd. 
fo r  C24H2gN20gPd: C, 49.97; H, 4.54; N, 4.86. Found: C, 50.22; H,
4.66; N, 4.92.
Crystal data: C2^H2gN2 0gPd-èH2 0 ; Mw=585.9; t r i c l i n i c ;  space
group PÏ; a=9.610(2), 5=16.182(2), c=16.191(2)A; a=101.53(l)°, 6= 
96.47(1)°, y=99.86(l)° ; Z=4, d^-1.620 (gcm"^), y(MoKa) 8 .13cm '^ unique 
re f le c t io n s  = 4473 [ I> 3 o ( I ) ] ,  R=0.045; 2<6<40.
N itra to<3-methoxy-2-(m ethoxycarbony l)- l, l-(d im ethoxycarbony l)- l-  
[[9-[4-methoxy-3-(methoxycarbonyl) - 2 ,2 - (dimethoxycarbonyl)-4-oxobuty- 
1][ l,10 -phenan th ro line ]-2 -y l]-m e thy l]-3 -oxopropy l-C ,N ,N ‘ >palladium 
(136). To a s t i r re d  so lu tion o f (50mg, 0.06mmol) in CHgCN (25mL) 
was added AgNOg (2.0 equ iv .) a t 25°C. The immediate formation o f  a 
white p re c ip ita te  was observed (NaCl)! A f te r  1 hour the mixture was 
f i l t e r e d  and the f i l t r a t e  concentrated in  vacuo to give a ye llow 
s o l id .  No fu r th e r  p u r i f ic a t io n  was attempted due to the in s ta b i l i t y  
o f the complex: 10%; ^H NMR 6 3.68 (s , Cjlg, 6 H), 3.75 (s , CJHg, 6H),
3.81 (s , CHg, 6H), 3.82 (s , CHg, 6H), 4.10 (s , phenCHg, 2H), 4.24 (s, 
phenCHg, 2H), 4.39 [s ,  CH(C02Me)2 , IH ], 7.57 (d, 8 -phenH, J=8.4Hz,
IH), 7.81 (s, 5,6-phenH, 2H), 7.88 (d, 3-phenH, J=8.4Hz, IH ), 8.26 
(d, 7-phenH, J=8.4Hz, IH), 8.34 (d, 4-phenH, 0=8.4Hz, IH).
< [D i-2 -p y r id y l) ketone]-6 ,6 ' - d i y l b i s [ l  , l -b is (e th o xyca rb o n y l) -2 , l-  
e thaned iy l]C ,C ,N ,N ‘ >palladium ( 151). Freshly prepared NaOEt (0.7mmol) 
in EtOH (l.OmL) was added to a s t i r r e d ,  anhydrous THF so lu tion  (25mL) of 
PdCl2 (CgHgCN)2 (llOmg, 0.29mmol) and te tra e s te r  (158mg, 0.30mmol) 
under nitrogen atmosphere at 25°C. A f te r  12 hours, the solvent was
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removed and the residue concentrated in vacuo followed by chromatography 
(ThLC) on s i l ic a  gel e lu t in g  with EtOAc/EtOH (10 :1). The desired 
complex was isolated as orange-yellow m icrocrysta ls : 15mg (8%); mp
92-94°C (dec.); 0.26; NMR 6 1.14 ( t ,  CH^CH^, J=7.1Hz, 12H), 3.64
(s, pyCHg, 4H), 4.08 (m, 8 H), 7.77 (d, 5-pyH, J=7.8Hz, 2H), 8.03
( t ,  4-pyH, J=7.8Hz, 2H), 8.14 (d, 3-pyH, J=7.8Hz, 2H); IR (CHCI3 ) 1728 
(C=0), 1674 (C=0)cm"l; Anal. Calcd. fo r  CgyHggNgOgPd: C, 51.24; H,
4.78; N, 4.43. Found: C, 51.66; H, 5.02; N, 4.65.
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Chapter 7. Infrared Spectral Analyses of Cis and Trans Pallad ium (II) 
Complexes.
In troduc tion . During the course of our studies dealing with 
ligand design and synthesis o f cyclopalladated complexes, the use of 
NMR spectroscopy and X-ray c rys ta llograph ic  techniques has been 
essential fo r  the unequivocal proof o f s t r u c t u r e . F u r t h e r ,
1 O
the use o f C NMR in conjunction with the ava ilab le X-ray data has
made i t  possible to corre la te  chemical s h i f ts  with the angular
127 173requirements o f  the cyclopalladated r ing . ’ Hence, the 
information obtained via these techniques serves not only as a means 
to e luc idate s truc tu re , but also as a device fo r  probing in to  the 
e lec tron ic  environment o f the complex.
T ra d it io n a l ly ,  in fra red  spectroscopy has been employed as a 
routine ana ly t ica l method fo r  functional group id e n t i f ic a t io n  in 
organic compounds. However, w ith the advent o f high f ie ld  NMR and 
X-ray techniques, IR has become less important as a diagnostic 
technique but s t i l l  re ta ins i t s  value as a device fo r  assessing 
molecular geometry and fo r  q u a l i ta t iv e  evaluation o f bonding 
energies w ith in  a given m o l e c u l e . T h u s ,  information derived from 
IR data can be invaluable, espec ia lly  where X-ray crysta llography is 
not possible.
There are many l i te ra tu re  examples which have dea lt w ith the IR 
spectral analysis o f t ra n s i t io n  metal complexes including P d(II)  
d e r i v a t i v e s . M o s t  of these studies have been centered on
177evaluating the strength o f the metal-ligand bonding In te rac tions ,
1 n c
c la r i fy in g  factors tha t influence the trans e f fe c t ,  and in 
general, cataloging the sa lie n t  features of the various complexes.
164
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In ad d it io n , the majority  o f the Pd(II) complexes studied have been 
o f  the general formula R^PdX^, where R is an N-donor group and X is a 
halogen. F in a l ly ,  there have been no comprehensive IR studies of 
complexes containing the C-Pd bond.
Since the complexes reported in Chapter 5 and 6 , as well as 
those from previous s t u d i e s , c o n t a i n  one or two sp^
C-Pd bonds, a comparative IR study, which would help to establish 
C-Pd absorption frequency, was lo g ic a l.  The information gained from 
th is  study may also be o f value la te r  to evaluate the s ta b i l i t y  and 
re a c t iv i ty  o f these and re la ted complexes.
Results and Discussion.
The complexes studied are depicted in Table 12 and th e ir  
re su lt in g  v ib ra tiona l bands as well as those o f the i n i t i a l  ligands 
are delineated in Tables 13-15. From these complexes, only a 
representative example o f  each type is presented because o f spectral 
s im i la r i t ie s .  Assignment o f the various IR bands resu lt ing  from the 
heteroaromatic portion in the ligand/complex has been made on the 
basis described by Katr itzky^^^ and o t h e r s . T h e  observed 
features o f  the IR data are:
(a) Position and in te n s ity  o f bands. Upon complexation, there 
is  a considerable s h i f t  and in te n s if ic a t io n  of the various 
v ib ra t io n a l bands in the d i f fe re n t  heteroaromatic systems.
(b) S p l i t t in g . Band s p l i t t i n g  is observed espec ia lly  in the 
monometallated and cis complexes.
(c) Carbonyl stre tch ing  frequency. The free ligands (e .g .,
[8 9 ],  [g g ] ,  [g g ],  [12g]> [153 ], [ M ] >  and [ I M ] ) ,  e x h ib it  C=0
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Stretching bands at 1730-1750cm”  ^ and in the corresponding complexes
at 1640-1680cm~^ ind ica tive  o f the C-Pd bond. This is  in  accordance
with the P d (II )  complex o f acetylacetone which shows v(C=0) at 1665
(VS) and 1632 (VS) cm"^ due to the C-Pd bond, and at 1572 (VS) and
1R31523 (VS) a r is in g  from the chelated enolate (Pd-0) group. In 
complexes 92 and 129, th is  frequency is  unaffected as an tic ipa ted , 
while the monometallated species 1 | 2  and 1 ^  show a mixed pattern.
(d) 1600-1300cm~^. In th is  region, a l l  complexes e x h ib i t  a 
series o f strong bands which are p r in c ip a l ly  due to r ing -s tre tch in g  
v ib ra t ions . The shoulders and s p l i t t in g s  o f these bands are d is t in c t  
features o f the c i s complexes having one or no C-Pd bond.
(e) 1300-1100cm~^. In the d ip y r id ine  and phenanthroline 
complexes, two weak in te n s ity  bands at 1280-1300 and 1260-1275cm  ^
are assigned to  the ring s tre tch ing v ibra tions while a band appearing 
at ca. 1240cm~^ is  assigned to the resonant dependent r ing  stre tch ing 
mode. The remaining bands in th is  region are a t t r ib u te d  to the 
hydrogen in-p lane bending mode.
( f )  1100-600cm~^. In th is  region, the remaining in-plane 
hydrogen bending motions and r ing  s tre tch ing  plus bending v ib ra tions 
are found. The ch a rac te r is t ic  aromatic, out-of-p lane su b s t itu t io n  
dependent hydrogen modes are ind icated by th e i r  strong absorptions.
The ring breathing motion is  s h if te d  30cm"^ to higher frequencies in 
the P d(II)  complexes; s im ila r  trends have been observed fo r  other metal
C h e l a t e s . 182.184
(g) 600-20Qcm~^. For a large number o f re la ted jy-imine 
complexes o f P d ( I I ) ,  Durig et @1,176,185 others^^^ reported the 
Pd-N s tre tch ing  frequency to appear a t 450-500cm~^. Accordingly, the
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bands in the 445-504cm“  ^ region were assigned to the same stretching 
motions since they are absent in the ligand spectra. Phenanthrol ine 
complexes 129, 130, and 159 show those motions at a s l ig h t ly  higher wave 
number. As predicted from symmetry, the cj_s-complexes display two bands 
fo r  the v(Pd-N) while the trans complexes show only one.
Lack o f  l i te ra tu re  data on the C-Pd(II) s tre tch ing  frequency 
imposes a major l im i ta t io n  fo r  comparative purposes. Kawaguchi et 
al.^®^ reported the C-Pd stre tch ing  mode in the P d (II )  complex of 
acetylacetone at 540cm~^; however, fo r  the complexes reported herein, 
new bands appear in the 370-415cm"^ region which were te n ta t ive ly  
assigned to y(G-Pd) motion. Once again, two bands were observed in 
the c is -complexes and one in the trans as predicted by symmetry.
The Pd-Cl stre tch ing frequencies^^^’ ^^^’ ^^^ were found in the 
region from 320-354cm~^, which is  a re la t iv e ly  narrow range as 
compared to the Pd-N stre tch ing  v ib ra t ions . The observation of two 
bands in th is  region is  supportive o f the cj_s-structure fo r  155, 92,
156, 157, 129, and 130.
Experimental Section.
General Comments, A l l  IR data were co llected by Dr. Gregory L. 
McClure, Perkin Elmer Corporation. The 40GO-200cm~^ IR spectra were 
obtained on a Model 983 In frared spectrophotometer connected to a Model 
3600 In frared Data S tation. The samples were prepared by mixing the 
ligand o r complex (ca. Img) w ith Csl (80-100mg). The mixture was 
funneled in to  a micro cup sample holder (3 x 4mm) and l ig h t ly  compacted. 
The sample and holder were inserted in to the sample stage of the 
Perkin-Elmer Diffuse Reflectance Accessory.
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The d if fu s e  reflectance spectral data were ratioed against a blank, 
which was prepared in a s im i la r  manner with only Csl. The ratioed 
re flectance spectrum did not contain re la t ive  band in te n s i t ie s  
consistent w ith normal transmission spectra. However, the function 
in the Kubelka-Munk equation provided a good approximation to the 
equivalent transmission spectrum. Other software used includes ABEX
F(R) = (l-R)Z
2R
(absorbance in te rconvers ion), TAAT (transmittance-absorbance 
in terconversion) and SMOOTH (Golay-Savitzky cubic func tion  noise 
reduction). The peak parameter threshold was set to  3% to exclude 
very small peaks.
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Table 12. Palladium(II) complexes used in IR study,
Pd
1 5 3
N
1 5 4
Pd
C-4
C- 2
C - 3 ’
Î9 ( C O - M e )
9 5
N N
^Pd"^
(H^COgOgHC"^ ^CH(C0 2CH3)2
1 5 8
(HgCOzOgHC"^ CH(C02CH3)2
1 5 9
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Table 12. (Continued)
9 2  [ R = R ' = C H  C H ( C 0 2 E C ) 2 ]
1 5 5  ( R = R ' = H )
COgEt
1 5 6  ( R = M e ;  X = C 1 )
1 5 7  [ R  =  C H . , C H ( C 0 ^ E t ) 2  • X  =  C 1 ]
Pd
Et 0 ,0
C O jE t
9 3
129 (R=Me)
Pd
1 3 0  [ R = C H  C H ( C O  M e ) 2 ;  R ' = C 0 2 M e ]
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CD■D
I
I
%
C/Î
o'3
CD
8
■o
C5-
T a b l e  13.
I n f r a r e d  f re q u e n c ie s  o f  p y r i d i n e ^  and p y ra z in e -b a s e d  lig a n d s  and t h e i r  p a l la d iu m ( t i )  
com p le xes  h a v in g  t r a n s  b is ( c a r b o n - m e ta i) bonds (cm ) .
Compound
R e f. 1 34 ,1 6 0
153
134 ,1 6 0 [1^ 134 ,160 154 1 34 ,1 6 0 13 4 ,1 6 0 ^ 1 3 4 , 1 6 0  [ ^ 1 2 1 , 1 2 2  ^ 1 2 1 .1 2 2 ,1 2 5
CD
CD
T3
3
Q .
Ca
o3
T3
O
CD
Q .
Assignments
0(CH)
V(C =0)
v (R 1ng )
3011
2956
1744
1594,1571
1477
1438
1349
3 09 1 ,30 54
3042
2949
2900
1676
1 61 3 ,15 68
1 48 2 ,14 54
1430
3065
3011
2959
1738
1 57 9 ,15 26
1477
1422
1410
307 4 ,3 0 5 9
302 9 ,29 95
2948
1678
1 59 4 ,15 75
1524
1465
1411
3009
2955
1 75 1 ,17 36
1 5 9 2 ,15 70
1476
1437
1334
309 1 ,3 0 6 8
3 03 3 ,30 14
2988
2945
168 3 ,16 67
1 61 1 ,15 72
1488 ,14 54
1433
1354
3005
2956
1738
1 5 9 4 ,15 78
1 45 9 ,14 37
1350
309 1 ,30 73
3 04 7 ,30 07
2981 ,2944
2925
166 2 ,16 44
1608 ,1576
1 48 9 ,14 76
1451,1433
1360 ,13 36
T3
CD
CO(/)
6(CH ) 1235
1158
1103
1070
1253 ,12 07
1177,1162
111 6 ,10 99
1068
1237
1 17 8 ,11 56
1057
1228
118 6 ,11 47
1099
1068
1200
1154
1101
1077
123 3 ,12 07
118 3 ,11 73
115 2 ,11 05
1075
123 3 ,12 02
1159
1102
1070
1235 ,1224
1200,1172
1099
1072
R in g  B re a th in g 970 1016 993 1019 970 1009 969 1014
172
T3OJD
C
•H4J
C
oo
Xin3
H
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CD■D
O
a .c
g
Û .
■D
CD
^ T a b l e  14.
0^
 I n f r a r e d  f r e q u e n c i e s  o f  2 , 2 ' - b i p y r i d i n e - b a s e d  l i g a n d s  and t h e i r  p a l l a d i u m  ( I I )  com p le xes (c m  ) .
3          “ ~
CD
1  Compounds
I
f t '  Ass ignm en ts
i3^
 v (CH )  306^4,3033 3065 3066,3004 310 2 ,3076  3107 ,3074  3119,3091 3075 3061
-n 3055
c
3 .  3007 2985 2951 2986 3050 3061 3027 2981
3 "
CD
CD"O
O
Q .
O3
"O
O
CD
Q .
2938,2904 3017 2978
2957 2938 2979
V (C=0)  1753.1724 1 730 1659 1 7 5 0 . 1 72b - 1677 1673 1729
1709,1683
V ( R in g )  1575 1596,1563 1598,1572 1600 ,1570  1600,1564 159 6 ,156?  1599,1571 1573
1477,1464 1478 148 5 ,1469  149 6 ,1468  1494 ,1478  1468 1463
5  V ( R in g )  + 143 7 ,1420  1442 ,1430  1434 ,1358  143 1 ,1407  144 8 ,1436  1442,1434 1446,1424 1440,1391
5 -  H bend 1 4 1 6 ,1 3 8 /
"O
CD 139 8 ,1359  132 8 ,13 16  1308 1394,1368 1424 ,1322  132 6 ,12 16  138 9 ,1363  1370
1300,968  968 1337 ,1305  1313 ,1212  9 8 9 ,9 8 0  1320 1333
1332 975 984 ,9 7 0
' j ( R in g  + 128 7 .1270  128 3 ,126b  1289 ,1270  1290 1 2 8 6 ,1 2 /5  1286,1266 1280 1283,1270
i n t e r - r i n g )
C/)
C/)
174
H
"o ^ S0) Q! ^  %
c  ^ S % E'H
4- )
c
o 2 ? i
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0/3C
•H4JC
o
o
(D1—4Sin3
H
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CD"O
O
Q.
C
S
Q.
-O
CD
C/)
C/)
T a b l e  15.
I n f r a r e d  f r e q u e n c i e s  o f  î , î O - p h e n a n t î i r o  I i n e -ban d  l i g a n d s  and t h e i r  p a l l a d i u m  ( M )  com p le xes  (cm ) .
8
CQ-
Compounds
A s s ignm en ts
R e f .
1129]2 2 ,37 127,187 130
_127 159_186
V(CH)
3.3-
CD
CD"O
O
Q.
O3
"O
O
&
v (C=0)
v ( R i n g )
V (R in g }  *  
H bend
3065
2995
2951
1734
1620 ,1609
1591,1551
1505,1498
1434 ,1416
1384,1361
133 0 ,96 6
3074,306?
3043 ,3009
2956,2910
1746,1731
1623,1593
1563,1508
1495
1433,1386
1354 ,1329
964
3067
2997
2950
1 73 2 ,16 86
1624,1592
1568,1509
1497
1432
1376
968
309 7 ,3065
2991
2947,2911
1682
1628 ,1602
1 59 0 ,1518
1501
1433
1365 .1344
O
C
%
v ( R i n g  + 
i n t e r - r i n g )
1301 1305,1283 127? 1260
v (R e s o n a n t  
dependen t  r i n g )
1239 1234 1220
tMCH) 1207,1177
1156,1141
1102,1093
1214,1159
1113
1200,1158
1118
1 20 7 ,1186
1149,1135
O)
177
T3
CI3
C
C
ou
ro
H
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Chapter 8. Summary and Conclusions.
The purpose of the research described herein was to construct 
new p o te n t ia l ly  tetracoordinate ligands capable of forming stable cis 
C-Pd bonds, and to study the e f fe c t  o f varia tions in the chelate ring 
size on complexation. The s p e c if ic  long range goals were to : (1)
incorporate the 1,10-phenanthroline moiety in to  an appropriate ligand 
fo r  cyclom eta lla tion with P d ( I I ) ;  (2) expand the chelate ring size in 
the cis ligand series via homologation o f the a lky l substituents and; 
(3) increase the overa ll ligand f l e x i b i l i t y  via inse rt ion  o f ethano 
and carbonyl bridging un its  between the heteroarpmatic N^donors.
The fundamental approach to  ligand synthesis has been through 
the in troduc tion  o f a g-dicarbonyl u n it  at the a-methyl position of a 
heterocycle via d ire c t nuc leoph ilic  sub s t itu t io n . This technique is 
very convenient fo r  the simple pyrid ine analogs since necessary 
intermediates fo r  synthesizing the halomethyl de riva tives are 
commercially ava ilab le . However, w ith the more elaborate 
heterocycles, i . e . ,  d ipyr id ine  and phenanthroline, new synthetic 
methods had to be developed s ta r t in g  from basic molecular bu ild ing 
blocks. Thus, in addition to the long range goals, there have been 
numerous short range objectives aimed at the synthesis o f necessary 
precursors fo r  ligand design.
Synthesis o f  the phenanthroline ligand system proved to be a 
challenging problem. The ex is t in g  methods fo r  preparing 6 ,6 '-  
d i fu n c t io n a l ize d -2 ,2 '-d ip y r id in e s  could not be applied to 
phenanthroline because of i t s  resistance to d i-N -o x idation. I n i t i a l  
attempts at d i re c t  free radical halogénation o f the a-methyl groups
178
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using NCS fa i le d  to give the desired monohalomethyl de riva tive , 
however i t  was discovered tha t the b is (trich1oromethy1) derivative 
could be obtained via the addition o f excess NCS. Subsequent acid 
hydro lys is afforded the d ie s te r  which was reduced to the alcohol and 
ch lorinated to y ie ld  the necessary 2,9-b is (ch lo rom ethy l)- l,10 - 
phenanthroline s ta r t in g  m ateria l. Although the d ire c t  NCS radical 
ch lo r ina t io n  procedure is  not su itable fo r  a one-step 
fun c t io n a l iza t io n  of 2 ,9-dimethyl-1,10-phenanthroline, a systematic 
study o f th is  reaction w ith other a-methyl substitu ted heterocycles has 
demonstrated i t s  po ten tia l synthetic value fo r  th is  purpose.
In order to gain en try  in to  ligand systems capable of forming 
6-membered m eta llocyc lic  r in g s , v iny lpyr id ines  were explored as 
possible synthetic intermediates, since i t  was already established 
tha t 2 -v iny l pyrid ine underwent Michael add ition  when treated with 
sodiomalonates. Once again, the major synthetic  task was to develop an 
e f f ic ie n t  method fo r  obta in ing vinyl de riva tives o f the more complex 
heterocycles. Although the dialdehydes o f phenanthroline and d i ­
pyrid ine were transformed to the vinyl compounds via the W itt ig  
reaction , y ie lds  of the o le f in  were poor due to s o lu b i l i t y  problems.
Attempts to circumvent th is  d i f f i c u l t y  by implementing the W it t ig -  
Horner reaction resulted in the unexpected formation of several 
hydroxy- and methoxyvinyl substitu ted o le f in s .  The presence of the 
hydroxy substituent appears to activate the o le f in  toward nuc leoph ilic  
a ttack .
Synthesis o f the phenanthroline P d(II)  complexes possessing one 
C-Pd bond in a five-membered chelate ring was conducted in MeCN using 
a heterogeneous base (K^CO^). Repeated attempts a t forming the
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second C-Pd bond fa i le d ,  even with the addition o f  AgNO^  which was 
shown to f a c i l i t a t e  the process with monometallated d ipyrid ine 
complex 4 ^ .  The fa c to r  responsible fo r  precluding generation o f the 
5*5*5 b is -C-Pd bonded phenanthroline complex was determined by X-ray 
s tru c tu ra l analysis, to  be the r ig id  phenanthroline backbone.
In an attempt to overcome the detrimental influence of the 
phenanthroline backbone upon d im e ta lla t ion , the a lky l side chains 
were homologated by one carbon u n it .  This was accomplished by 
tre a t in g  IDE with 1,1,2,2,-tetracarbomethoxyethane. The resu lt ing  
ligand 122, underwent cyclom eta lla tion to give the monometallated 
phenanthroline complex 122, which resisted a l l  e f fo r ts  aimed a 
generating the second C-Pd bond. S im ilar re a c t iv i t y  was demonstrated 
w ith  the corresponding d ip y r id in e  monometallated complex. The X-ray 
s truc tu re  of 132 indicated tha t the b is -C-Pd bonded complex does not 
form because the terminal es te r groups would have to overlap.
The ethano bridged ligand JJ2 has proven to be the best suited 
fo r  cyclometallation w ith  P d (II )  o f a l l  ligands studies thus fa r .
Not only is  the reaction to generate the b is -C-Pd bonded complex an 
extremely fa c i le  process, but once formed 147 is  extremely stable 
under a va r ie ty  of adverse conditions. This notable s ta b i l i t y  is 
espec ia lly  surpris ing in l i g h t  o f the X-ray s truc tu re  which revealed 
a complex possessing appreciably large deviations from ideal square 
planar geometry. I t  is  generally assumed tha t complex s ta b i l i t y  
depends upon the ligands a b i l i t y  to adopt the innate geometry o f a 
given metal ion, i .e .  the most stable complex d isp laying minimal 
d is to r t io n s  from ideal geometry. However, based upon the 5*7*5
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complex 1 ^ ,  i t  is  c lea r tha t geometry alone is  not an accurate gauge 
of complex s ta b i l i t y .
The carbonyl bridged ligand served as the f i r s t  model fo r  
assessing both e le c tron ic  and geometric constra in ts w ith in  the same 
molecule. Although the electron withdrawing e f fe c t  o f the carbonyl 
moiety must diminish the N-Pd in te rac tions  to some extent, there was 
no dramatic e f fe c t  on overa ll s t a b i l i t y  since the cyclometallated 
5*6'5 complex displayed physical cha rac te r is t ics  s im ila r  to the 
aforementioned 5-5-5 d ipy r id ine  analog 93. Therefore, the negative 
carbonyl influence is  re la t iv e ly  in s ig n i f ic a n t  and may be overshadowed 
by the enhanced strength o f the C-Pd bonds. However, i t  should be noted 
tha t y ie lds  o f the bis-C-Pd bonded complex were considerably lower 
than with previous complexes, and can be a t t r ib u te d  to a decreased 
s ta b i l i t y  o f the N^bonded adduct preceding cyclom eta lla tion.
From the studies reported herein, the fo llow ing generalizations 
can be made with respect to the synthesis o f cyclometallated P d(II)  
complexes; (1) the a b i l i t y  to form a b is -C-Pd complex is d ic ta ted , 
in pa rt ,  by ligand f l e x i b i l i t y  as demonstrated in the phenanthroline 
series; (2) generation of the b is -C-Pd complexes possessing 
6-membered chelate rings requires minimal s te r ic  size o f the terminal 
a c t iva t ing  substituents ; (3) a pe rfec t match between the geometric 
requirements o f  the metal and ligand may not lead to the most stable 
complex; and (4) ligand deactivation via electron withdrawal does not 
preclude the generation o f a stable cyclometallated species i f  the 
molecular geometry is  favorable.
One of the most promising topics fo r  fu tu re  research in th is  
area is ligand synthesis s ta r t in g  from hydroxymethyl-substituted
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v iny l heterocycles (Chapter 4). The a t t ra c t iv e  aspect o f these 
synthetic  intermediates stems from th e i r  po ten tia l to undergo 
nucleoph ilic  s u b s t i tu t io n  with sodiomalonates without destruction o f 
the v iny l group. The resu lt ing  ligands would, therefore , be 
susceptible to fu r th e r  synthetic manipulations via any 
transformations applicab le to o le f in s .  This approach o ffers  the 
po ten tia l fo r  generating a myriad o f new and in te res ting  ligands w ith 
the only re s t r ic t io n  being one's imagination.
In a l l  o f the cyclometallated P d(II)  complexes discussed here in , 
the coordinating sp carbon has been activa ted via ester groups in 
the form o f a g-dicarbonyl moiety. This technique has permitted the 
synthesis o f a l l  except the cis complex possessing £-Pd bonds in a 
6-membered chelate r in g ,  which is hindered by s te r ic  problems.
Future attempts at synthesizing the 6*5*6 complexes may be more 
successful i f  the es te r groups are replaced by f lu o r in e .  This 
halogen is e lectronegative enough to ac t iva te  the methine carbon 
toward C-Pd bond formation and is s te r ic a l ly  less demanding than an 
ester group. The re su lt in g  blend of physical properties should favor 
formation o f the b is -C-Pd bonded complexes in s itua tions  where the 
jux tapos it ion  o f the methine substituents would cause detrimental 
s te r ic  in te rac tions .
The cyclom eta lla t ion reactions studied thus fa r  have employed 
P d(II)  because of i t s  established propensity fo r  bonding with carbon, 
and also due to the re la t iv e  ease of complex characterization.
Careful thought and planning should next be focused on methods fo r  
incorporating other t ra n s i t io n  metals in to  the cyclometallated 
framework. The eventual development o f a ligand system capable o f
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imparting s ta b i l i t y  to diverse t ra n s i t io n  metal complexes via the 
_C-metal bond would be an extremely valuable con tr ibu tion  to 
organometal1ic  chemistry. Further, the essential role o f t ra n s i t io n  
metal ions in b io log ica l systems, as well as the demonstrated 
c a ta ly t ic  properties o f  organometallies, is  ce r ta in ly  motive enough 
fo r  continuation of the work described herein.
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